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EDITORIAL 


Science, health, and truth 


he past 2 years have been a strange and dif- 
ficult time for the world. The COVID-19 pandemic 
has brought illness, hospitalization, and death near 
to many people. In the United States, people are 
divided not only on what they should do but also 
on what constitutes the facts. Many are seemingly 
in an alternative world, driven by disinformation, 
conspiracy theories, and anti-science beliefs. How can 
health and medical leaders do their jobs while trying to 
cope with a polarized public? They must be more effec- 
tive in explaining and persuading the public on matters 
of science and health. This will require better clarifica- 
tion of two things to the public—the roles of science 
and politics in public policy decisions, and the means 
by which scientific truth is established and updated. 

There is a continuing strand of argument from 
many in the scientific community 
that “we ought to get politics out 
of public health.” And many poli- 
ticians have said that scientists 
are not the ones to make public 
policy decisions related to public 
health or other issues. The reality 
is that both science and politics 
are essential for public health to 
work well. Scientists inform pub- 
lic understanding of the patterns of 
health and illness in populations, 
especially when epidemics and pan- 
demics strike. And politics—the way 
decisions are made in a democratic 
society—is vital for acting on the in- 
formation and insights that the sci- 
entific community provides for the benefit of everyone. 

In addition to clarifying the separate roles of sci- 
ence and politics, society needs to understand better 
how scientific truth is established and updated. It is 
based on verified and reproducible facts. The scientific 
method of gathering data, debating various formula- 
tions of the information, and arriving at consensus 
understandings of what is “true” about a particular 
matter has been the bedrock for establishing scientific 
truth for centuries. But in the past few years, politi- 
cal leaders, media personalities, and ordinary citizens 
have proclaimed their own “alternative facts,” dis- 
paraging the idea that anyone should question their 
“facts” and theories. 

In his recent book, The Constitution of Knowledge: 
A Defense of Truth, Jonathan Rauch clearly and con- 
vincingly describes and defends the Enlightenment- 
born process of weighing evidence and committing to 


“How can health 
and medical 
leaders do their 


jobs while trying 
to cope with a 
polarized public?” 


truth. He explains that the endeavor is founded on two 
arguments: The truth is based on what is known so 
far and the truth applies to everyone. Rauch argues 
that this has produced a process for certifying knowl- 
edge—a public system for adjudicating differences of 
belief and perception and for developing shared and 
warranted conclusions about truth. This system pro- 
vides three public goods: knowledge (distinguishing 
reality from nonreality), freedom (encouraging rather 
than repressing human autonomy, creativity, and em- 
powerment), and peace (rewarding social conciliation, 
maximizing the number of disagreements that are re- 
solvable, and compartmentalizing and marginalizing 
disagreements that cannot be resolved). 

Given that truth is based on what is known so far, it 
is always provisional. We likely will know more tomor- 
row than today, and we will then 
have to revise our conclusions. 
That is just the scientific method 
at work. Though science and poli- 
tics have separate roles, once this 
system “gets the facts straight,” 
scientists and political leaders can 
work constructively together for 
the common good. 

This knowledge-certifying sys- 
tem is under concerted attack 
today, most notably in polar- 
ized political conflicts, including 
about masks and vaccines, climate 
change, and gun violence. Restor- 
ing confidence in messages regard- 
ing science for the public good 
will be challenging, but it can only be done if there is 
an effort to explain, defend, and reinforce this public 
system for shepherding new knowledge. This needs to 
include widespread discussions across the scientific 
community and in the public at large, leading to a 
broad recommitment to the scientific method. 

The challenges of communicating messages about 
science, health, and truth are among the often-men- 
tioned reasons for the fatigue and discouragement 
that public health and medical leaders face today. And 
that same frustration is transferred to those who seek 
to engage the wider public with these messages. 

Overcoming these challenges will surely be difficult, 
but with concerted effort it can be done, as it has be- 
fore—for example, in efforts to promote widespread 
childhood immunizations. And this requires a never- 
ending commitment, as we are learning every day. 

-William L. Roper 


William L. Roper 

is a professor of 
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Tweet by Jocelyn J. Fitzgerald, a urogynecologist at the University of Pittsburgh, 
on the U.S. Supreme Court's reversal last week of its Roe v. Wade abortion decision. 


Edited by Shraddha Chakradhar 


The Tower of London was lit up to mark World Polio Day in October 2021. 


Poliovirus in U.K. sewage raises alarm 


fficials in the United Kingdom declared a “national incident” last 

week after poliovirus was detected in samples taken between 

February and June from one of London’s main sewage treatment 

plants. The source is still a mystery, but it is likely that someone 

from outside the United Kingdom who recently received the oral 

polio vaccine—which uses a live, but weakened, poliovirus—is 
shedding the pathogen in their feces. No polio cases have been found 
and such sewage detections are not unusual—signs of the virus usu- 
ally disappear quickly. This time, however, it continued to appear over 
many months, and several closely related versions of the virus were in 
recent samples. The genetic changes suggest the virus is evolving, a sign 
it may be spreading in a small number of people. The United Kingdom’s 
generally high polio vaccine coverage should limit further transmis- 
sion, infectious disease experts say—but they worry lower rates in some 
London communities might leave children there vulnerable. 
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Launch of NASA's Psyche delayed 


PLANETARY SCIENCE | Psyche, the 

$967 million NASA mission to explore the 
strange metal asteroid of the same name, 
will not launch this fall because of delays in 
testing its navigation software, the agency 
announced last week. The mission, devel- 
oped by the Jet Propulsion Laboratory, is 
likely to launch next year, but could also slip 
to 2024; either date would see its arrival at 
the main-belt asteroid, which was set for 
2026, fall back by 3 years or more. An inde- 
pendent panel will review what went wrong 
and decide whether the mission will 
continue—although cancellation is unlikely. 
The delay should not limit the science 
conducted by the spacecraft, which aims to 
investigate whether the asteroid is the left- 
over core of an early planetary embryo. 


NCI to study cancer blood tests 


MEDICINE | The National Cancer Institute 
(NCI) plans to evaluate the growing num- 
ber of tests from companies that screen 

for multiple cancers by detecting traces 

of tumor DNA and proteins in a person’s 
blood. Last month, NCI advisers endorsed 
a $75 million, 4-year pilot study that will 
enroll 24,000 seemingly cancer-free volun- 
teers starting in 2023 or 2024. Some would 
only get standard cancer screening, such as 
mammograms, whereas others would also 
receive one of the experimental blood tests. 
If the pilot study goes well, NCI expects to 
launch a bigger trial, with perhaps 300,000 
participants ages 45 to 70, that would 

last 7 to 8 years. Such a long-term study 
could reveal whether these tests, which 
can return false positives and lead to un- 
necessary procedures on tiny, slow-growing 
tumors, ultimately save lives. 


Austria rescinds vaccine mandate 


covip-19 | Austria, one of the first 
countries in Europe to pass a COVID-19 
vaccine mandate, officially rescinded the 
requirement last week. The law, passed in 
November 2021 with support across the 
political spectrum, required all adults to 
be vaccinated by February or face fines 

of up to €3600 ($3800). However, the 
government never enforced it. By March, 
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Native tribes and United States enter park management deal 


he Bureau of Land Management (BLM) and the U.S. Forest 
Service signed a first-of-its-kind agreement last week to 
comanage Bears Ears National Monument in southeastern 
Utah with five Native American tribes. The five tribes have 
long wanted to help oversee this culturally significant monu- 
ment, a 550,000-hectare expanse pocked by burnt-sienna buttes, 
1000-year-old Indigenous dwellings, and ceremonial sites. The 


comanagement agreement is meant to incorporate the traditional 
knowledge and expertise of the tribes—the Hopi, Navajo Nation, 
Ute Mountain Ute Tribe, Ute Indian Tribe of the Uintah and Ouray 
Reservation, and the Pueblo of Zuni—and center their voices in 
land use decisions. The Indigenous tribes will now submit a draft 
land management plan to BLM in the coming weeks, which could 
then take up to 18 months to finalize. 


the government said the Omicron variant, 
which evades vaccine protection better 
than previous versions of SARS-CoV-2, 
meant the mandate was no longer justi- 
fied. Last week, Austria’s health minister 
said the law had failed to persuade the 
vaccine-hesitant and had been more 


of a larger agency effort to curb high rates 
of teen vaping and other public health crises 
fueled by nicotine use. Earlier last week, for 
instance, FDA announced it would be man- 
dating lower nicotine levels in traditional 
cigarettes. A federal appeals court granted 
Juul time to file a formal challenge to the 


FDA order, which the company asserts is 
the product of political maneuvering. 


The Lancet tops medical citations 


PUBLISHING | The title of most cited 
medical journal has changed hands for 


divisive than helpful. He said the 
government would now focus on 
explaining why receiving a booster 
dose is important. Austria has one 


the first time in 45 years. In 2021, 
The Lancet overtook The New 
England Journal of Medicine 
(NEJM) as the publication 


U.S. science spending bills advance 

The U.S. House of Representatives last week released proposed 
2023 budgets for key research agencies (see below). The Senate 
has yet to release its proposals, and final numbers likely won't be 
set until late this year. 


of the lower vaccination rates in 
Europe, with fewer than 75% of the 
population fully vaccinated. 


with the highest impact factor, 
according to a report released 
this week by the analytics firm 
Clarivate. The company manages 


CREDITS: (PHOTO) BOB WICK/BUREAU OF LAND MANAGEMENT/CC BY 2.0; (DATA) HOUSE OF REPRESENTATIVES APPROPRIATIONS COMMITTEE 


. 2022 BIDEN 2023 HOUSE the Web of Science database used 
FDA tries to stop Juul sales —— sae to generate this controversial 
HEALTH POLICY | The e-cigarette National Institutes of Health 45 50.5 415 citation measure, and NEJM 
manufacturer Juul last week won a National Science Foundation 8.8 10.5 9.6 has dominated the general and 
temporary reprieve from a U.S. Food NASA science 16 8 79 internal medicine category since 
and Drug Administration (FDA) Clarivate’s Journal Citation 
order banning the company from Department of Energy science 7.5 78 8 Reports launched in the 1970s. 
selling its products in the country. DARPA 3.8 41 4 High-profile pandemic research 
The 23 June FDA order would affect U.S. Geological Survey 14 17 16 may explain the shift: The Lancet 
all Juul products in the United published three of the 10 most 
States, including flavored cartridges NIST core labs 0.85 0.98 0.95 cited articles in 2021, all of them 
and pods for vaping. It came as part EPA science 0.73 0.86 0.87 related to COVID-19. 
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EUROPE 


United Kingdom set to abandon 
EU funding and go it alone 


Horizon Europe grants held hostage over Brexit dispute 


By Cathleen O’Grady 


few months ago, Teresa Thurston, a 

cellular microbiologist at Imperial 

College London, could not have imag- 

ined losing her €1.5 million European 

research grant. But the United King- 

dom’s role in the European Union’s 
€95 billion Horizon Europe funding program 
is now crumbling thanks to lingering Brexit 
disputes, forcing many U.K. grant winners 
like Thurston to give up grants they thought 
they could count on. 

This week, she and 142 other U.K. grant 
winners faced a deadline from the European 
Research Council (ERC), which disburses 
some of the Horizon Europe money. By 
29 June, they had to choose between moving 
to a European host institution to take up their 
funding or remaining in the United Kingdom 
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and giving up the prestigious ERC grant. 
One day before the deadline, 18 U.K.-based 
grant winners had told ERC they planned 
to leave for Europe, whereas 20, including 
Thurston, rejected their ERC grants to stay in 
the United Kingdom. The remainder had not 
yet told ERC of their decision. 

The impasse over U.K. participation in Ho- 
rizon Europe deepened last month after the 
U.K. Parliament began pushing through leg- 
islation that would unilaterally override part 
of the 2020 Brexit agreement that deals with 
trade in Northern Ireland. This prompted 
legal action from the European Union, 
which had already been holding cross- 
border scientific funding hostage over the 
matter, and signaled that a resolution was 
far from near. The U.K. science minister on 
15 June said he would unveil details of a “Plan 
B” Horizon alternative in July, adding that 


Corrected 30 June 2022. See full text. 


the program will likely begin in September. 

In the meantime, a transitional program 
promises to make up for Horizon grants al- 
ready won by U.K. researchers. Thurston 
plans to accept the government’s offer, but 
she says this backstop doesn’t carry the same 
prestige or networking opportunities. “It’s 
not the same,’ she says. 

ERC President Maria Leptin says she “pro- 
foundly” regrets the situation. “I sincerely 
hope that our political leaders will find a path 
to allow us to continue working in the future 
with the research community in the U.K” 

Greg Clark, a U.K. lawmaker and member 
of a parliamentary science committee, says 
it’s wrong for the European Union to “weap- 
onize science” to gain advantage in other po- 
litical arguments. Other components of the 
Brexit agreement, such as the cross-border 
transfer of personal data, have gone ahead 
despite the Northern Ireland dispute. And 
although damage to U.K. science is consider- 
able, so is damage to science within the EU, 
he says: “The longer term consequences of 
excluding excellent U.K. institutions and re- 
searchers from collaboration with European 
institutions can only be to the detriment of 
both sides.” A European Commission spokes- 
person said in an email to Science that, given 
the turmoil, the original Brexit agreement 
does not oblige the EU to allow U.K. partici- 
pation in Horizon Europe, nor does it impose 
a deadline. 

The Brexit deal was supposed to preserve 
U.K. participation. In an arrangement simi- 
lar to those for other non-EU countries that 
receive Horizon Europe funds, such as Is- 
rael, Turkey, and Norway, the United King- 
dom would pay approximately £15 billion 
into the program over its 7-year period, al- 
lowing its researchers to compete for fund- 
ing. The European Parliament still had to 
ratify the agreement, but U.K. researchers 
began to apply for—and win—grants in the 
first funding rounds of the program. 

In April, however, the political impasse 
over Northern Ireland was ongoing and the 
Horizon deal was still not ratified. Facing the 
need to disburse its first round of grants, ERC 
emailed grant winners asking them to submit 
letters from Horizon-eligible host institutions 
within 2 months—or forfeit their grants. 

It’s “massively destabilizing,” says Peter 
Mason, head of global research and inno- 
vation policy at Universities UK. “There 
are these great collaborations—scientific 
networks—that have been established for 
decades in some cases, which are being 
undermined.” James Wilsdon, a research 
policy expert at the University of Sheffield, 
adds that “all of this uncertainty is just like 
acid on collaboration.” 

For Thurston, moving to Europe was not 
practical, because her collaborators were all 
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in the United Kingdom. She also did not want 
to uproot her family, and she points out that 
a short-notice move to Europe would be hard 
for researchers taking care of children, which 
means women likely face greater impact. 

Thiemo Fetzer, an economist at the Uni- 
versity of Warwick, reluctantly made the de- 
cision to move. A collaborator on his project 
is employed by the European Commission 
and would not be able to sign a contract with 
a U.K.-based institution. Fetzer will now di- 
vide his time between the United Kingdom 
and his European host, which he declined 
to name because he was still finalizing the 
agreement. “It’s devastating,’ Fetzer says. 
Winning an ERC grant is “supposed to be a 
high point of people’s academic careers, and 
it’s made it really, really difficult.” 

European researchers aren’t happy ei- 
ther, says Thomas Jorgensen, president of 
the European University Association. The 
European Union’s lack of transparency and 
poor communication has damaged the pro- 
file of Horizon Europe, he says. European 
researchers were encouraged to join U.K.- 
led consortia, and then faced chaos as the 
U.K. partners were no longer able to take 
their intended leading roles. Some top re- 
searchers now feel that EU funding is too 
bureaucratic and difficult to be worth both- 
ering with again, Jorgensen says. 

In theory, the United Kingdom could join 
Horizon Europe at any time in the coming 
7 years if political disputes over Brexit were 
settled. And Horizon association remains 
“Plan A,” the U.K. science minister, George 
Freeman, said in a 15 June parliamentary 
committee hearing. He could not be reached 
for comment, but a department spokes- 
person said, “The U.K. is pushing for associa- 
tion to Horizon Europe as swiftly as possible.” 

But Freeman told the committee that if 
“the phone does not ring” soon, then “Plan 
B” will begin in September, with the govern- 
ment diverting the £15 billion intended for 
Horizon into a U.K.-based international pro- 
gram. Freeman described plans to replicate 
the structure of the Horizon funding scheme, 
with grants not only for basic research, simi- 
lar to ERC’s, but also funding for risky, ap- 
plied, and industrial research. 

Wilsdon adds that the bulk of Horizon Eu- 
rope funding goes toward international re- 
search consortia that often involve industrial 
collaborators. U.K.-based researchers have 
already been forced to step down from their 
coordinating roles in Horizon-funded consor- 
tia, and Wilsdon thinks it would be tough to 
re-create these in Freeman’s “Plan B.” 

Beth Thompson, a policy director at the 
Wellcome Trust, shares the concern. “All 
those researchers’ brains coming together 
to do something brilliant—that can’t be re- 
produced at a domestic level,” she says. 
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SCIENTIFIC PUBLISHING 


Silence greets requests 
to flag retracted studies 


Authors and editors ignored warnings about citing noted 
fraudster, exposing a problem in scholarly publishing 


By Jeffrey Brainard 


lison Avenell spent years collect- 
ing evidence that Yoshihiro Sato, a 
now-deceased nutritional researcher 
in Japan, was among the most prolific 
fraudsters known to science. After 
journals investigated the findings by 
Avenell, a clinical nutritionist at the Univer- 
sity of Aberdeen, and her colleagues, they 
retracted more than two dozen papers Sato 
had co-authored. Many had reported find- 
ings from clinical trials that could have led 
physicians to incorrectly treat patients suf- 
fering from osteoporosis and other disorders. 

But the retractions, which began in 2015, 
didn’t mean the papers were 
gone for good, or that their in- 
fluence waned. 

Avenell noticed many jour- 
nal articles that cited one or 
more of Sato’s 27 retracted pa- 
pers did not warn readers that 
they referenced tainted work. 
Worse, she and colleagues re- 
ported recently, the flawed 
findings were cited in 88 ar- 
ticles, published from 2003 to 
2020, that are systematic re- 
views and clinical guidelines— 
potentially influential publi- 
cations that often help guide 
medical treatments. Avenell 
wondered: Would the authors 
and editors of these papers 
take action if alerted to the re- 
tractions of Sato’s work? 

For the most part, she 
found, the answer was no. 

Her team contacted the 
authors of 86 of the citing 
papers—and sometimes the 
editors, too. After a year, how- 
ever, journals had posted no- 
tices or letters for just eight of 
those papers informing read- 
ers that they cited retracted 
work, the researchers reported 
in late May in Accountability 
in Research. In five of those 
cases the announcement 
wasn’t linked to the paper, 


88 


Medical evidence 
syntheses citing 
one or more of 

27 retracted 

Clinical trial papers 
co-authored by 

scientific fraudster 
Yoshihiro Sato 


Syntheses out of the 
88 with findings that, 
if the retracted paper 
had been excluded, 
would likely be 
weaker 


Syntheses out of the 
39 whose journals 
added a notice 
saying it cited a 
retracted paper, after 
the authors were 
notified about the 
retraction 


leaving readers in the dark. (A ninth re- 
view was itself retracted.) 

The saga provides an unusually method- 
ical case study of what some call “zombie 
papers.” Even after they are retracted— 
publishing’s death sentence—these papers 
live on thanks to citations. And that could 
have real-world consequences, the study 
suggests. It found 39 of the 88 citing pa- 
pers had drawn conclusions that, if Sato’s 
retracted papers were left out of the analy- 
sis, were likely to be substantially weaker. 
Journals flagged just four of these weak- 
ened studies for citing retracted papers. 

The study’s findings are “unfortunately 
very consistent” with others going back to 
the 1990s, says Ivan Oransky, 
co-editor of Retraction Watch, 
which reports on retracted 
papers and tracks them in a 
public database. A 1998 inves- 
tigation in JAMA, for example, 
found that 94% of 299 cita- 
tions to retracted articles still 
listed in the MEDLINE data- 
base did not note the work 
had been retracted. And “most 
editors do not seem to make 
correcting the record a prior- 
ity,” Oransky says. 

Avenell took a very rigorous 
approach to documenting the 
problem, Oransky says. For ex- 
ample, her team emailed que- 
ries to authors and journals 
using arandomized, controlled 
trial design. For some papers, 
the researchers contacted only 
the corresponding authors of 
the evidence syntheses. For 
others, they contacted an ad- 
ditional two co-authors and 
sometimes also the journal’s 
editor-in-chief. 

For half of the 86 papers, 
they got no response. (Looping 
in the editor didn’t increase 
the response rate.) Some au- 
thors who did respond said 
they didn’t plan to amend their 
papers because, for example, 
the publication was too old, 
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or they didn’t have time to do a reanalysis. 
Some asserted that the elimination of a 
single, retracted study likely would not 
have changed their overall findings. There 
is some evidence for that position. A 2021 
study in Accountability in Research led 
by Daniele Fanelli of the London School 
of Economics and Political Science exam- 
ined 50 meta-analyses of clinical treat- 
ments. The conclusions of those that cited 
retracted work and those that didn’t were 
statistically similar. 

The studies examined by Avenell’s team 
that were weakened by retracted find- 
ings could have put patients at risk. One 
of those reviews, showing that vitamin K 
helps prevent bone fractures, was the ba- 
sis of 2011 and 2015 guidelines issued in 
Japan that recommend the supplement 
for people at risk. Omitting Sato’s stud- 
ies made the reported benefit statistically 
nonsignificant. The guidelines’ sponsor, 
the Japan Osteoporosis Foundation, was 
among those that did not respond to the 
team’s queries. 

Even if the inclusion of a retracted study 
doesn’t change the bottom line, Avenell 
argues, journals and authors have an ob- 
ligation to say so publicly. “You need to 
reassure your readers” about a paper’s va- 
lidity, she says. 

Avenell is scheduled to discuss the 
study—co-authored by Mark Bolland, Greg 
Gamble, and Andrew Grey of the Univer- 
sity of Auckland—in September at the In- 
ternational Congress on Peer Review and 
Scientific Publication. The work, she says, 
was spurred by “my frustration with the 
slow process of correcting the literature 
that has integrity issues and to demon- 
strate the potential adverse consequences 
if it is not corrected promptly.” 

There are signs the research commu- 
nity is beginning to take such concerns 
more seriously. Several bibliographic 
databases—including EndNote, LibKey, 
Papers, and Zotero—now note papers that 
are included in Retraction Watch’s data- 
base of retractions, which debuted pub- 
licly in 2018. (The popular Google Scholar 
search engine does not flag retractions.) 
The International Committee of Medical 
Journal Editors recommends journal edi- 
tors routinely check to see whether sub- 
mitted manuscripts cite retracted papers. 
And in 2021, Cochrane, a nonprofit inter- 
national network that promotes evidence- 
based medicine, began to attach a warning 
to any of its published systematic reviews 
that cite retracted studies. Cochrane asks 
the authors of the flagged reviews to re- 
consider their work; then the organization 
decides whether to withdraw the analysis 
or publish an updated version. 
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The Vestmanna cliffs of the Faroe Islands formed when Greenland tore away from Europe 56 million years ago. 


CLIMATE CHANGE 


Hidden carbon layer sparked 
ancient bout of global warming 


Deep carbon exhumed by volcanic rift between Greenland 
and Europe implicated in 56-million-year-old hothouse 


By Paul Voosen 


here is no perfect parallel in 

Earth’s past for present-day climate 

change—human-driven warming 

is simply happening too fast and 

furiously. The closest analog came 

56 million years ago, when over the 
course of 3000 to 5000 years, greenhouse 
gases soared in the atmosphere, causing at 
least 5°C of warming and pushing tropical 
species to the poles. 

The cause of the Paleocene-Eocene Ther- 
mal Maximum (PETM) has long been de- 
bated, with researchers invoking exotic 
mechanisms such as catastrophic releases 
of methane from the sea floor or even as- 
teroid strikes. But over the past few years, 
evidence has mounted for a more prosaic 
culprit: carbon-spewing volcanoes that 
emerged underneath Greenland as it tore 
away from Europe. Now, researchers have 


found signs of an effect that would have 
supercharged the warming effect of the vol- 
canoes, making them a stronger suspect. 
The underside of Greenland is thought to 
be encrusted with carbon-rich rocks, like 
barnacles on the keel of a ship. When it 
tore away from Europe in the rifting, the 
rocks might have liberated a gusher of car- 
bon dioxide (CO,), says Thomas Gernon, a 
geologist at the University of Southampton 
and leader of the new study. “It’s a perfect 
storm of conditions.” 

The PETM has long fascinated paleo- 
climatologists. “Since dinosaurs kicked the 
bucket, this is the biggest global warming 
event we have,” says Pincelli Hull, a paleo- 
climate scientist at Yale University. It can 
yield clues to how quickly Earth warms as 
greenhouse gas levels rise and how climate 
extremes alter ecosystems. But the com- 
parison to today isn’t exact. Although the 
total release of carbon during the PETM 
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exceeded the total of today’s known oil and 
gas reserves, it was slower than today’s 
surge of greenhouse gases and drove more 
gradual warming. Life had more time to 
adapt than it does today: Fossil records 
show trees migrated uphill and to higher 
latitudes, with animals following in their 
wake, even as tropical corals disappeared 
and ecosystems wholly changed. 

Past explanations for the PETM centered 
on methane, a greenhouse gas even more 
powerful than CO, although shorter lived. 
Samples of ancient plankton shells seemed 
to show the atmosphere during the brief 
hothouse was enriched in light carbon, the 
isotope favored by life. That suggested the 
carbon responsible for the warming surge 
originated in living things, as most meth- 
ane does, rather than in the gases spewed 
by volcanoes, which rise from deep Earth. 

At first, researchers thought a small 
amount of warming might have destabilized 
methane hydrates—seafloor 
deposits of methane trapped 
in cages of ice crystals— 
triggering a massive release 
of carbon. But the 2010 Deep- 
water Horizon oil spill in the 
Gulf of Mexico put a dent in 
that theory. Microbes simply 
chewed up the methane the 
broken well released into 
the ocean, suggesting seeps 
of seabed methane would 
rarely get all the way into the 
air. “Most modeling studies 
suggest you can’t release enough green- 
house gases just through hydrates,” says Sev 
Kender, a paleoceanographer at the Univer- 
sity of Exeter. 

Mudrocks on the sea floor also contain 
carbon that originated in living things, and 
magma from submarine eruptions could 
have heated the rocks and liberated the 
carbon. But in 2017, researchers analyzed 
plankton fossils from an ocean core and 
found the carbon released during the PETM 
was heavier than previously thought. For 
some, that indicated the carbon wasn’t from 
living sources. “Given the current state of 
knowledge, it seems likely to be volcanism,” 
says Marcus Gutjahr, a geochemist at GEO- 
MAR Helmholtz Centre for Ocean Research 
Kiel, who led the 2017 study. 

Greenland was rifting away from Eu- 
rope at the time of the PETM as a mantle 
plume traveled under the island, priming 
the 180-kilometer-thick crust above to be 
pulled apart. Like all volcanism, the pro- 
cess would have released CO,. Gernon cal- 
culated, however, that the eruptions during 
the rifting would have only provided one- 
fifth of the more than 10,000 gigatons of 
carbon needed to explain the PETM warm- 
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“Since dinosaurs 
kicked the bucket, 
this is the 
biggest global 
warming event 
we have.” 


Pincelli Hull, Yale University 


ing. But he knew that over the eons, CO, 
and other gases can bubble out of tectonic 
plates as they dive into the mantle, perco- 
lating up into the underside of thick crusts 
like Greenland’s, and forming carbonate 
formations that can be stable for millions 
or even billions of years. 

If the crust is ever pulled apart by rift- 
ing, however, the trapped carbon can spill 
upward and erupt as rare carbonatite lava, 
which contains far more CO, than standard 
lava. Indeed, such a process appears to be 
underway in East Africa right now, where 
a rift has begun to tear the horn of Africa 
away from the rest of the continent, says 
James Muirhead, a structural geologist at 
the University of Auckland. “At the very 
edge of the craton we get these carbonatite 
lavas,” he says. “And adjacent to the craton 
we get high CO, fluxes.” 

Similarly, the hot spot that burned through 
Greenland starting 60 million years ago could 
have mobilized any carbon- 
ate under its crust, Gernon 
says. When the rifting began 
to open up what today is the 
northeastern Atlantic Ocean, 
“you'll have a huge amount of 
carbon venting.” 

Evidence of the carbon- 
rich melt is abundant on 
either side of the North At- 
lantic rift, the tectonic di- 
vision that marks the old 
boundary between Greenland 
and Europe, Gernon and his 
co-authors report in a study published last 
week in Nature Geoscience. In an ocean core 
collected in 1981, they found volcanic tuffs 
indicating a sharp increase in volcanism dur- 
ing the PETM. They also combed the litera- 
ture for studies of other rocks matching the 
core, and found reports in East Greenland 
and the Faroe Islands of anomalous lavas 
rich in magnesium, titanium oxide, and 
rare earth elements—signatures of melting 
of carbonate rock from deep in the crust. 
The lavas date roughly to 56.1 million years 
ago, and the investigators calculate that 
the rifting would have produced enough 
of them to explain nearly all of the needed 
carbon emissions. 

Kender says Gernon makes a compel- 
ling case, but the timing is key. The PETM 
lasted only several thousand years, a geo- 
logical instant. Meanwhile, the volcanism 
has not been precisely dated. “Whether it 
was at the onset, in the middle, or later, we 
can’t say yet,’ Kender says. Gernon’s team 
says more precise dating from the ocean 
core, still unpublished, supports the idea 
that the lavas they’re studying could be 
from the onset of the PETM. “I’m quietly 
confident the story works,” Gernon says. 
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In the Balkans, 
researchers 
mobilize to 
protect a river 


Plans to dam the upper 
Neretva River draw concern 


By Richard Schiffman 


ive years ago, researchers from across 

Europe converged on a cold, fast- 

moving river in the highlands of Alba- 

nia for a week of intensive fieldwork. 

Their mission: to kick off a multiyear 

effort to assemble a detailed ecological 
portrait of the Vyosa River, one of East- 
ern Europe's last free-flowing waterways. 
They hoped to draw public attention to the 
river’s rich wildlife and persuade policy- 
makers to protect it from a cascade of pro- 
posed dams. 

Last month, that effort paid off when 
Albania’s prime minister pledged to create a 
Wild River National Park that would protect 
some 500 kilometers of the Vyosa and its trib- 
utaries from hydropower development. 

Now, scientists are hoping to replicate 
that success along another imperiled wa- 
terway in the region: the upper Neretva 
River, which is threatened by some 
70 proposed dams. This week, three dozen 
researchers—including experts on_ fish, 
amphibians, and invertebrates—will fan 
out along the river’s headwaters in Bosnia 
and Herzegovina as part of Neretva Sci- 
ence Week, which aims to catalog species 
that depend on the river. 

“It is miraculous that these rivers have 
survived,” says ecologist Ulrich Eichelmann, 
founder of RiverWatch, a Vienna-based 
group behind both the Vyosa research 
campaign and the Neretva Science Week, 
which began on 28 June. Western Balkan 
rivers teem with aquatic life, including the 
world’s highest diversity of trout species, 
suggesting to some researchers that they 
are an evolutionary cradle of trout and 
salmon. It’s an unexpected wilderness in a 
heavily developed continent, Eichelmann 
says. “In other parts of Europe, there are 
virtually no rivers left that have not been 
dammed or channeled.” 

Four major dams interrupt the lower 
reaches of the Neretva, which flows about 
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225 kilometers to the Adriatic Sea in Croa- 
tia. But development largely sidestepped 
the river’s remote upper region when it was 
part of the former Yugoslavia, and in recent 
decades war and ethnic tensions discour- 
aged investors. 

Starting around 2010, however, hydro- 
power developers saw a promising new 
market in the Balkans, and the free-flowing 
streams beckoned. Some 3500 power dams 
are now either proposed or under construc- 
tion in the region. Along the upper Neretva, 
engineers have identified dozens of sites for 
mostly small hydroelectric dams. 

The dam-building rush is an ecological 
disaster in the making, says ichthyologist 
Steven Weiss of the University of Graz. He 
fears “poorly designed and poorly managed” 
barriers could result in “death by 1000 cuts” 
along the Neretva and other 
rivers, with fish and other or- 
ganisms losing 30% to 70% of 
their current habitat. 

During the science week, 
Weiss will be surveying popu- 
lations of the endangered 
soft-mouthed trout (Salmo 
obtusirostris) and other en- 
demic fish species. Dams 
would block the movements 
of the rare trout and fragment 
populations, he says. Sediment 
from some reservoirs would 
be flushed downstream, bury- 
ing habitat. New lakes could 
become home to invasive fish, 
such as carp, that compete 
with native species. 

The _river’s invertebrate 
residents will be the focus of 
biogeochemist Gabriel Singer 
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of the University of Innsbruck. He and two 
students also plan to measure water lev- 
els of carbon dioxide and methane from 
the decomposition of organic matter in 
the streams. The data could help research- 
ers predict how detritus trapped in stag- 
nant reservoirs could cause production of 
the two potent greenhouse gases to surge. 
Dams are often lauded for producing clean 
energy, Singer notes, but “what we really 
should be thinking about is [their] climate 
warming potential.” 

While the other scientists catalog life 
aboveground, a team led by biologist Maja 
Zagmajster of the University of Ljubljana 
will be searching below the surface. The 
porous karst (limestone) geology of the Di- 
naric mountains, where the Neretva rises, 
has made the region a global hot spot for 


Going with the flow 
Researchers from across Europe converged on the Neretva River on 28 June for a 
“science week” aimed at surveying wildlife and building the case for conservation. 
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subterranean biodiversity, she says. Some 
of the resident species—such as the olm 
(Proteus anguinus), a blind cave amphib- 
ian that may live more than 100 years— 
inhabit caves and crevices. But others oc- 
cupy the tiny water-filled spaces between 
grains of sand and gravel under the flow- 
ing river. Dams can pose a special threat 
to these “interstitial habitats,” Zagmajster 
notes, because they alter seasonal flooding 
patterns and allow fine sediment to settle 
and choke the cavities. 

Biologist Saudin Merdan, who leads the 
Stjepan Bolkay Center, a research institute 
in Bosnia, will be documenting reptiles and 
amphibians along the Neretva. But he also 
worries about the impact of hydropower de- 
velopment on people. Some area residents 
depend on the river for drinking water, whose 
purity could be threatened by 
toxic organisms that thrive in 
stagnant water, he notes. And, 
he adds, “Many don’t have the 
money to go to the seaside on 
vacation, so they spend their 
leisure time on the rivers.” 

Merdan and others hope the 
data harvested during the sci- 
ence week will help catalyze 
support for a new national 
park to preserve the Neret- 
va’s headwaters. The goal, 
Eichelmann says, is not “safe- 
guarding one small and scenic 
stretch of it, but protecting the 
whole network of the river, 
which I like to compare to a 
tree and its branches.” & 


Richard Schiffman is a journalist 
in New York City. 
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BIOMEDICINE 


Funds dwindle for NIH program for puzzling cases 


Patient groups, hospitals urge continued support for the Undiagnosed Diseases Network 


By Jocelyn Kaiser 


en years ago, an athletic 12-year-old 

from Affton, Missouri, named Mitchell 

Herndon began to experience muscle 

weakness that eventually put him in a 

wheelchair. After years of visits to spe- 

cialists failed to diagnose his neuro- 
logical symptoms, he enrolled in a National 
Institutes of Health (NIH)-funded program 
that studies patients with debilitating mys- 
tery diseases. Researchers eventually found 
an explanation for Mitchell’s condition: a 
mutated gene that causes certain brain cells 
to produce an overactive protein 
that leads to neuron damage. 

Mitchell died 3 years ago at 
age 19. Since then, 14 more peo- 
ple have been identified with the 
same disease, dubbed Mitchell 
syndrome, and his family has 
started a foundation that hopes to 
develop a treatment. 

His case is one of hundreds 
cracked by a highly regarded NIH 
program called the Undiagnosed 
Diseases Network (UDN) over 
the past 9 years. Now, however, 
funding is winding down for the 
network—and some, including pa- 
tient advocates, are scrambling to 
persuade Congress to restore full 
funding or keep at least parts of 
it afloat. 

The UDN supports teams of 
clinicians, geneticists, and other 
experts who study patients with 
medical cases that have con- 
founded their doctors and spe- 
cialists. It was designed to sunset 
10 years after being established in 
2013, and a new NIH program to 
carry on its work will get less than 
one-third as much as its current funding. 
With their NIH support ending in a year, 
seven of the network’s 12 clinical sites are 
turning away new patients and focusing on 
current cases. 

“The significant funding cut is a chal- 
lenge,’ says genetic counselor Kimberly 
LeBlanc, director of the UDN Coordinating 
Center at Harvard Medical School. But she 
and others hope federal lawmakers will 
restore more UDN funding in NIH’s 2023 
spending bill, which is working its way 
through Congress. 
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“IT want to see the UDN sites not only 
continue but to [also] grow and make 
even more discoveries and ... impacts on 
the lives of patients and families,’ Michele 
Herndon, Mitchell’s mother, recently wrote 
to a staffer for Senator Roy Blunt (R-MO). 

The UDN emerged from an effort 
launched in 2008 by the NIH Clinical Cen- 
ter in Bethesda, Maryland, to study people 
with puzzling symptoms using exhaustive 
clinical workups and exome sequencing, a 
then-new tool that scours a person’s protein- 
coding DNA for a culprit gene. The program’s 
success led NIH’s Common Fund, dedicated 


Mitchell Herndon’s puzzling neurological disorder was diagnosed 
by the National Institutes of Health's Undiagnosed Diseases Network. 


to new programs, to launch a national net- 
work that grew to include the NIH intra- 
mural program and 11 medical centers 
around the country. Funding rose from 
$10 million in 2013 to about $30 million 
for several years, then tapered to an esti- 
mated $16 million this year. 

It is an undisputed success: The network 
has solved about 30% of nearly 1900 cases 
so far, finding hundreds of novel disease mu- 
tations and nearly 50 new disorders. It has 
published more than 175 papers and drawn a 
stream of positive TV and press stories. 


Like other Common Fund programs be- 
fore it, the UDN needed to find a home 
within NIH’s 27 institutes. The current 
plan is for the National Institute of Neuro- 
logical Disorders and Stroke (NINDS) to 
lead a new data and coordinating center, 
with four other institutes helping provide an 
annual $5 million budget for 5 years. NIH 
sees the UDN “evolving into a larger, self- 
sustained network,’ a notice says. 

The current sites can apply to join—but 
the agency plans to directly fund only the 
intramural site at NIH. In part, that’s be- 
cause genome sequencing has become a 
routine part of medicine that 
is often covered by insurance, 
an NIH spokesperson notes, al- 
though UDN researchers say only 
some insurers cover it. 

The new NINDS coordinating 
center will fund small research 
grants, but scientists say this 
won't be enough to compensate 
for the network’s existing research 
resources. Those include model 
organism screening centers, a me- 
tabolomics center, and research at 
the clinical sites such as RNA se- 
quencing. Without these research 
components, the UDN will be “less 
robust,’ says clinical geneticist 
Vandana Shashi, who heads Duke 
University’s UDN site. 

Also troubling to UDN scien- 
tists and advocates is the fact that 
more than 1300 cases remain un- 
solved, often because scientists 
need to create an animal model or 
find another patient to confirm a 
suspected disease mutation. “Re- 
search is still needed to find an an- 
swer,’ LeBlanc says. 

The NIH spokesperson says the 
agency is “working with Congress on other 
models to expand [the UDN’s] impact,” par- 
ticularly in underserved communities where 
many patients can’t get the basic diagnostic 
workup required to qualify for the UDN. 

Meanwhile, some sites have cobbled to- 
gether donations, parts of other NIH grants, 
and other support and expect to reopen in 
a few months. Others are still figuring out 
whether they can keep going. 

“We hope to continue this work in any way 
possible, since we are passionate and com- 
mitted to this mission,” Shashi says. 
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Foodmaking microbes bear 
marks of domestication 


Bacteria and fungi behind cheese, soy, and more share 
genomic traits wth domesticated plants and animals 


By Elizabeth Pennisi 


he burst of flavor from summer’s first 

sweet corn and the proud stance of 

a show dog both testify to the power 

of domestication. But so does the 

microbial alchemy that turns milk into 

cheese, grain into bread, and soy into 
miso. Like the ancestors of the corn and the 
dog, the fungi and bacteria that drive these 
transformations were modified for human 
use. And their genomes have acquired many 
of the classic signatures of domestication, re- 
searchers reported in two talks last month at 
a meeting in Washington, D.C. 

Microbes can’t be “bred” in the normal 
sense, because unlike peas or pigs, individual 
microbes with desired traits can’t be chosen 
and mated. But humans can grow microbes 
and select variants that best serve our pur- 
poses. The studies show the process, repeated 
over thousands of years, has left genetic 
hallmarks similar to those in domesticated 
plants and animals: The microbes have lost 
genes, evolved into new species or strains, 
and become unable to thrive in the wild. 

The studies “are getting to the mecha- 
nisms” of how microbial domestication 
works, says Benjamin Wolfe, a microbiologist 
at Tufts University. By revealing which genes 
are key to microbes’ prized traits—and which 
can be lost—the work could help further 
improve the organisms that fashion much 
of our food and drink, “especially [with] in- 
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creasing interest in fermented foods,’ says 
microbial ecologist Ariane Peralta of East 
Carolina University. 

The yeasts used in making bread have long 
been seen as domesticated because they have 
lost genetic variation and can’t live in the 
wild. But for other microbes, scientists have 
been “lacking clear evidence of domestica- 
tion ... in part because [their] microbial com- 
munities can be hard to study,” says graduate 
student Vincent Somerville of the University 
of Lausanne. 

Somerville and John Gibbons, a genomicist 
at the University of Massachusetts, Amherst, 
independently focused on food fermenta- 
tion, which helped early farmers and herders 
transform fresh produce and milk into prod- 
ucts that can last months or years. Gibbons 
took a close look at the genome of Aspergillus 
oryzae, the fungus that jump-starts produc- 
tion of sake from rice and soy sauce and miso 
from soybeans. 

When farmers cultivate A. oryzae, the 
fungus—a eukaryote, with its DNA enclosed 
in a nucleus—reproduces on its own. But 
when humans take a little finished sake and 
transfer it to a rice mash to begin fermenta- 
tion anew, they also transfer cells of the fun- 
gal strains that evolved and survived best 
during the first round of fermentation. 

Gibbons compared the genomes of scores 
of A. oryzae strains with those of their wild 
ancestor, A. flavus. Over time, he found, se- 
lection by humans had boosted A. oryzae’s 


Over time, the work of cheesemakers, like this one 
in Switzerland, has domesticated bacteria. 


ability to break down starches and to tolerate 
the alcohol produced by fermentation. “The 
restructuring of metabolism appears to be a 
hallmark of domestication in fungi,’ he re- 
ported last week at Microbe 2022, the annual 
meeting of the American Society for Micro- 
biology. For example, domesticated Aspergil- 
lus strains may have up to five times more 
copies of a gene for metabolizing starches as 
their ancestor—“a brilliant way for evolution 
to turn up this enzyme,” Wolfe says. 

The genes of domesticated A. oryzae also 
display little variation, and the genome has 
lost some key genes, including those for tox- 
ins that would kill the yeast needed to com- 
plete fermentation—and which can make 
humans sick. Domestication has apparently 
made A.oryzae more human friendly, just as 
it bred bitter flavors out of many food plants. 

Somerville reported at the meeting that 
he has seen much the same pattern in pro- 
karyotes, or organisms without nuclei, in- 
cluding in bacteria used to make cheese. 
Early cheesemakers established “starter” 
bacterial cultures, which people in Swit- 
zerland use to make Gruyére and other 
cheeses. Since the 1970s, cheesemakers have 
banked samples of their starter cultures to 
evaluate their cheese and keep quality high. 
Somerville sequenced the genomes of more 
than 100 samples. 

“The exciting thing from this work was 
having samples over time,” Wolfe says. 
“You can see the shaping of diversity,” with 
changes in the past 50 years hinting at the 
trajectory of change over past centuries. 

All the samples had low genetic diversity, 
with just a few strains of two dominant spe- 
cies, Somerville reported. Those few persis- 
tent strains are probably important to cheese 
quality, Gibbons said. The cultures had also 
lost genes since the 1970s, including some 
needed to make certain amino acids, which 
are required to assemble proteins. But amino 
acids are costly to make—and these microbes 
live in protein-rich milk. “They were able to 
let go of a bunch of genes they didn’t need,” 
Wolfe says. Somerville also found extensive 
gene swapping among the microbes, one way 
to acquire new genes. 

Putting the studies together, Gibbons 
concludes the genomes of “domesticated 
prokaryotes and microbial eukaryotes are 
very similar” to each other and to multi- 
cellular domesticated organisms. Peralta 
cautions that the analogy to crops and 
animals isn’t perfect. Microbes can evolve 
far more quickly and so can more easily be 
“rewilded.” Still, as researchers fine-tune 
domesticated microbes, she hopes for even 
better tasting sake and cheese. 
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GLOBAL HEALTH 


WHO holds off on global alarm for monkeypox 


Critics blast agency for not declaring a Public Health Emergency of International Concern 


By Kai Kupferschmidt 


he World Health Organization (WHO) 

may have very high aspirations—“the 

attainment by all peoples of the high- 

est possible level of health’—but when 

a new human disease begins to spread, 

or a known one behaves in unusual, 
threatening ways, it has few levers to pull. 
One important decision it can make, how- 
ever, is declaring a Public Health Emergency 
of International Concern (PHEIC), a designa- 
tion that gives WHO some additional powers 
and serves as a global wake-up call. 

After a meeting behind 
closed doors, a WHO expert 
panel announced on 25 June 
that the rapidly growing 
monkeypox epidemic does 
not yet warrant that status— 
a verdict the agency has 
accepted. The panel’s con- 
clusion was widely criticized 
by virologists, epidemio- 
logists, and public health 
experts, and it has triggered 
a new debate about the 
purpose of the PHEIC, an 
instrument created to help 
improve the response to in- 
ternational health threats. 
“I think they made a big 
mistake,” says Yale School 
of Public Health epidemio- 


logist Gregg Gonsalves, 
who advised the committee. 
“They punted.” 


WHO has previously come under fire 
for waiting too long to declare a PHEIC 
for COVID-19 and Ebola epidemics in 
West Africa and the Democratic Republic 
of the Congo. The agency’s “track record 
is that they tend to be on the later side of 
things,” says Jeremy Youde, a global health 
researcher at the University of Minnesota, 
Duluth. “Right now PHEICs send the mes- 
sage that WHO is the last institution to 
grasp that a newly identified outbreak is 
indeed a public health emergency of inter- 
national concern,” adds biologist Michael 
Worobey of the University of Arizona. 
“The window may already have closed on 
stopping the establishment of a new sexu- 
ally transmitted disease worldwide, but a 
PHEIC has not even been declared.” 

The panel didn’t fully explain why the 
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monkeypox outbreak doesn’t deserve PHEIC 
status. The International Health Regula- 
tions, a global treaty updated in 2005, de- 
fine a PHEIC—pronounced as “fake”—as an 
“extraordinary event which is determined 
to constitute a public health risk to other 
States through the international spread of 
disease and to potentially require a coordi- 
nated international response.” With more 
than 4000 monkeypox cases since May 
in more than 40 countries where it is not 
normally seen, global spread is clearly a 
concern, and the panel says the outbreak re- 
quires “collaborative international efforts.” 


That leaves just one criterion in doubt, 
says Alexandra Phelan, a lawyer at George- 
town University who specializes in global 
health policy: whether the surge is an “ex- 
traordinary event.” That determination is 
tricky because monkeypox is an endemic, 
if neglected, disease in some African coun- 
tries. “It is unjust and unethical to deter- 
mine an event is only extraordinary if it is 
now occurring in high-income countries,” 
Phelan says. Rather than holding off on a 
PHEIC, however, WHO should re-examine 
how equitable the criteria are, she says. 

Emory University virologist Boghuma 
Titanji notes that the question isn’t just 
where monkeypox is spreading, but also 
how. The vast majority of recent cases have 
been in men who have sex with men, a pat- 
tern not seen before. The panel’s report sug- 


People line up at a New York City pop-up clinic offering a monkeypox vaccination. 


gests its authors declined to recommend a 
PHEIC even though all criteria were met, 
says Clare Wenham, a global health expert 
at the London School of Economics. “We 
have seen this inconsistent application of 
the criteria of a PHEIC throughout its his- 
tory,’ she says. The yes-or-no nature of the 
decision probably leads experts to be cau- 
tious, Youde says: “It’s tricky, because it’s 
such a blunt instrument.” 

How helpful a PHEIC truly is remains 
a matter of debate as well. The declara- 
tion obligates member countries to follow 
WHO’s recommendations, such as sharing 
data on cases, and allows the 
agency to issue travel advice. 
“To date there is no scien- 
tific evidence on the effect a 
PHEIC has,” Wenham says. 

But declaring a PHEIC 
puts the spotlight on a patho- 
gen, Phelan says: “I worry 
what waiting a few weeks 
before sufficiently grabbing 
political attention will mean 
for community transmission.” 
A delay can also let an out- 
break grow so big that coun- 
tries are more likely to hoard 
vaccines and other resources. 
“AS more countries become 
affected, they’re less able to 
help countries affected early 
on,” Phelan says. And there 
is no evidence that calling a 
PHEIC early has downsides, 
Youde says. 

The panel acknowledged that some of its 
own members disagreed with the decision 
and said it will reconsider the issue if there 
is new evidence that monkeypox is spread- 
ing to other countries or new groups, or 
that the severity of the disease is increas- 
ing. Signs the virus is establishing new 
animal reservoirs outside Africa might also 
warrant a reconsideration. 

“I think some of these criteria will be 
met almost immediately,’ Gonsalves says. 
The list of affected countries is growing al- 
most daily and there have already been re- 
ports of the disease in children. The panel’s 
report mentions a potential re-evaluation 
in 21 days, Gonsalves notes, “but I hope 
[WHO’s] director-general is smart enough 
to convene people again in a much more 
timely manner.” 

17 
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aura Sanchez Alds had been at sea 
for less than 20 minutes when the 
motorboats attacked. In late Janu- 
ary 2019, the 24-year-old Spanish 
conservation biologist was on board 
the Farley Mowat, a former U.S. 
Coast Guard cutter, in Mexican wa- 
ters in the northern Gulf of Califor- 
nia. She was the ship’s scientist, part 
of a campaign by the Sea Shepherd Con- 
servation Society to study and protect the 
vaquita, the world’s smallest porpoise and 
most endangered marine mammal. Since 
2015, the organization had been patrolling 
this region—and making local fishers in- 
creasingly angry. 

Sanchez Alds was here to document the 
size and number of nets placed in the water 
to snag the 100-kilogram totoaba, a fish so 
highly valued for its swim bladder in tra- 
ditional Chinese medicine and cuisine, it’s 
known as the “cocaine of the sea.” But the 
illegal nets snare vaquitas as well, and she 
and her colleagues were also yanking up the 
nets and destroying them. 

Suddenly, nearly two dozen motorboats 
surrounded the Mowat. The men aboard 
hurled insults, calling the Sea Shepherd crew 
invaders and slicing their hands across their 
throats in an “T’ll kill you” gesture. Then they 
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Can former pirates help scientists study 
troubled waters? 8y David Grimm 


began to throw rocks, iron sinkers, and Mo- 
lotov cocktails. The cutter blasted the attack- 
ers with firehoses, but a large rock crashed 
through the ship’s front window, showering 
glass across the bridge. A few minutes later, a 
Molotov cocktail set fire to the Mowat’s port 
side. The ship turned its hoses on itself to 
extinguish the flames, then zoomed out of 
the fray, pockmarked but intact. “Either they 
couldn’t follow us anymore,” Sanchez Alds 
says, “or they ran out of rocks.” 

The incident was a turnabout for an or- 
ganization used to being on the offensive. 
For more than 3 decades, Sea Shepherd 
had made a name for itself as a militant 
conservation group, sinking whaling ves- 
sels, throwing its own projectiles at illegal 
fishing boats, and generally conducting it- 
self as a vigilante of the high seas. Interna- 
tional courts branded the group’s head, Paul 
Watson, a pirate and a terrorist. 

Yet the Sea Shepherd Conservation Soci- 
ety appears to have undergone a dramatic 
transformation in the past 8 years. It has 
abandoned militant tactics in favor of new 
leadership and a new mission: Protect the 
oceans not with violence, but with science. 
Call it a sea change. 

The group has just hired its first director 
of science and begun recruiting research- 


ers from across the globe. With a dozen 
vessels and a $20 million annual budget, it 
hopes to fill an urgent scientific need: fer- 
rying scientists, especially those from less 
developed nations, to understudied parts 
of the ocean. There they can survey endan- 
gered animals, search for new species, and 
even board illegal vessels to collect first- 
hand data on overfishing. 

“We can’t do what we want going for- 
ward without science driving us,” says 
Pritam Singh, who effectively took over for 
Watson in 2014. “Science will be our primary 
mission—not an afterthought.” 

The pivot couldn’t come at a better time 
for marine research. The U.S. government’s 
scientific fleet has shrunk by one-third over 
the past couple of decades, according to 
some estimates. Time on research vessels 
can take years to procure—if investigators 
can get on at all. And overfishing, pollution, 
and climate change are roiling the seas in 
ways researchers are struggling to measure. 

“There are a lot of good ocean scientists, 
but they’re stranded on shore,” says Douglas 
McCauley, a marine ecologist at the Univer- 
sity of California, Santa Barbara. 

Sea Shepherd’s vessels could be their 
route to sea. But most of its ships are rela- 
tively small and only outfitted with basic 
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scientific equipment. And the organiza- 
tion itself will need to shed its past and 
commit to robust and transparent science, 
McCauley says. “It will take a rather sig- 
nificant about-face, but it could be really 
transformative,” he says. “We are looking at 
a rough next few decades for the ocean, and 
we need all hands on deck.” 


SEA SHEPHERD TRACES its roots to 1977, 
when Watson was ousted from the board 
of Greenpeace for his controversial tac- 
tics. He formed Sea Shepherd that year 
and soon developed—and embraced—a 
reputation as a brash and militant leader. 
He wore a captain’s uniform, holstered a 
knife, and flew a skull and crossbones on 
the ships he commanded. 

For the next several decades, Sea Shep- 
herd crews operated like vigilantes in the 
name of conservation. They dropped spiky 
steel “net rippers” onto the ocean floor to 
tear up trawling nets, lobbed smoke bombs 
onto boat decks, and threw rancid butter 
to taint whale meat. From 1979 to 1994, 
Watson claims his group sunk five whaling 
ships and scuttled two more. 

The campaigns, chronicled in the TV se- 
ries Whale Wars, disrupted illegal fishing, 
dolphin hunts, and whaling around the 
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globe. But by the early 2010s, Interpol had 
declared Watson an internationally wanted 
fugitive and a U.S. federal court labeled his 
crew “pirates.” Critics also charged that the 
group’s tactics had largely backfired, bol- 
stering pro-whaling sentiment in places like 
Japan and Iceland. “[Watson’s] involvement 
in all of this is an absolute disaster,’ Sidney 
Holt, one of the main architects of the first 
whaling moratorium, told The New Yorker 
in 2007. “Almost everything he has been do- 
ing has had blowback for those who want to 
see an end to whaling.” 

Watson, who contends his efforts saved 
countless marine animals, stepped away 
from the Sea Shepherd Conservation So- 
ciety in 2014, although he continues to 
direct other arms of the movement, in- 
cluding Amsterdam-based Sea Shepherd 
Global. Singh, a wealthy developer and 
environmentalist, and Roger Payne, a lead- 
ing expert on whale behavior, had recently 
joined the board of the U.S.-based Sea 
Shepherd Conservation Society, and began 
to steer a new course. “By the summer of 
2014, we were re-evaluating how best to 
accomplish our mission of protecting ma- 
rine wildlife,’ Singh says. “It required a 
complete change of direction in terms of 
culture and approach.” 


Sea Shepherd Conservation Society 

ships monitor a vaquita refuge in the Gulf of 
California, where scientists aboard the 
Sharpie (far left), scan for the rare porpoises. 


The Sea Shepherd movement turned more 
of its focus toward overfishing and began 
to collaborate with foreign governments to 
help them monitor their waters. A major 
turning point came in 2015 when Sea Shep- 
herd Global’s Bob Barker—a former whaling 
ship painted with shark jaws on the bow— 
chased an illegal fishing vessel, Thunder, for 
110 days and 10,000 nautical miles. The pur- 
suit, the longest in maritime history, ended 
with the scuttling of the trawler and the ar- 
rest of its captain. A U.S. Navy report later 
called the campaign a “game changer” for 
the Sea Shepherd movement. “It was now 
operating with nation states in a legitimate 
protection of fisheries, the report stated. 
“The organization has succeeded in counter- 
ing illegal fishing where private maritime se- 
curity companies had hoped but failed.” 

The Sea Shepherd Conservation Society 
added more ships to its fleet and launched 
a campaign of what Singh calls “radical col- 
laboration,” inking agreements with a num- 
ber of Latin American countries to fight 
poaching and overfishing. It also began its 
first forays into science. The group dedi- 
cated the Martin Sheen, a 23-meter yacht, 
exclusively to research, and started to con- 
duct preliminary science missions on other 
vessels, including surveys of the vaquita. 
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Singh credits the science push to Payne. 
“Roger wanted to know how many species 
were being overfished, how many sharks 
were being killed for finning, and whether 
Sea Shepherd’s efforts were affecting these 
numbers,” he says. “In many countries, 
no one is collecting this data. We realized 
we had the resources to do this for the 
first time.” 

But first, the group needed a chief scientist. 
JOHN PAYNE, 


then an independent re- 


searcher, ran into Singh by chance last sum- 
mer in Vermont. The son of Roger, he spent 
his early life around whales and became 


a marine ecologist. He had no interest in 
joining Sea Shepherd under Watson’s reign. 
“Tf Paul had asked, I would have said no,” 
he says. “Their confrontational approach 
wasn’t a good match for my skill set.” 

Singh invited the younger Payne to his 
lodge in southeastern Alaska, where the two 
watched salmon swim up the region’s riv- 
ers. Like his father, Payne sought hard data. 
“T object to the way a lot of animal rights 
and conservation organizations are care- 
less with facts,” says Payne, who became Sea 
Shepherd’s director of science in October 
2021. “I wanted to help, and I wanted to 
make sure what we said was accurate.” 

Numbers on the state of the oceans 
are blurry. It’s thought, for example, that 
global fish consumption has doubled over 
the past 50 years, driven largely by ille- 
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gal, unregulated, and unreported fishing. 
Up to one out of every five fish may be 
thrown back dead as “bycatch,” and about 
one-third of the world’s fish are caught at 
unsustainable levels (Science, 11 January 
2019, p. 112). 

Yet those numbers—used to inform every- 
thing from government regulations to con- 
servation efforts—are just estimates, Payne 
notes. A single 2009 study is still the most 
cited paper on the global extent of illegal 
fishing, he says. “The oceans are cloaked in 
mystery,” he says. “It’s hard to do anything 
about illegal fishing because we don’t know 
the scope of the problem.” 


A beaked whale surfaces during a survey by the Sea Shepherd Conservation Society's Martin Sheen off Baja California. 


That’s where the Sea Shepherd Conserva- 
tion Society’s navy comes in. Its dozen ves- 
sels range from a 17-meter catamaran to a 
56-meter former Japanese research ship. 
The ships venture into remote waters oth- 
ers often avoid because of violence or harsh 
weather, such as the northern Gulf of Cali- 
fornia and parts of the Southern Ocean. Sea 
Shepherd groups also have unique partner- 
ships with several countries that allow them 
to board fishing vessels and gather catch 
data. In the waters off Liberia and Peru, for 
example, Sea Shepherd crew, in conjunction 
with the countries’ coast guards, are autho- 
rized to inspect cargo holds, cataloging the 
size and types of fishing nets and the weight, 
number, and species of fish being caught. 

“T don’t know anyone else who can do 
that,” says Ray Hilborn, an expert on fisher- 


ies at the University of Washington, Seattle. 
“They could survey the seas in ways no one 
else can.” 

Sea Shepherd can also offer marine sci- 
entists a faster, cheaper route to sea. The 
U.S. Academic Research Fleet encompasses 
18 vessels, and other federal agencies such 
as the National Oceanic and Atmospheric 
Administration (NOAA) also operate ships 
of various sizes used for research. But it 
can take up to 5 years to secure a grant to 
get on these boats, and costs can exceed 
$100,000 per day on a large research ves- 
sel. “A 2-week expedition can eat up an en- 
tire grant,’ McCauley says. Sea Shepherd 
crews are mostly volunteer, 
which keeps costs down. Payne 
says scientists should be able 
to board its ships in a matter of 
months, not years. 

The organization also prom- 
ises to bring researchers to 
rarely frequented marine pro- 
tected areas, giant swaths of 
ocean that restrict fishing and 
other activities. “Many devel- 
oping countries don’t have 
the resources to patrol their 
areas, so even their own scien- 
tists have trouble getting out 
to these locations,’ Payne says. 
Sea Shepherd ships already do- 
ing conservation work could 
bring researchers onboard to 
document animal populations 
and behavior, as well as water 
conditions such as temperature 
and salinity. 

The same could go for the 
open ocean. “There are a lot of 
places in the world where we 
have no idea what the fishing 
impacts are,” says Les Watling, 
a biological oceanographer 
at the University of Hawaii, 
Manoa. “It would be absolutely delicious to 
go somewhere no one has been.” 

Sea Shepherd’s preliminary scientific ef- 
forts have borne fruit. The Martin Sheen has 
been sailing to the Guadalupe Island Bio- 
sphere Reserve, which encompasses several 
small islands off the Pacific coast of Baja Cali- 
fornia, since 2016. On the trips, marine bio- 
logist Gustavo Cardenas Hinojosa of Mexico’s 
National Commission of Natural Protected 
Areas studies the behavior and vocalizations 
of elusive beaked whales, which are vulner- 
able to sonar and other humanmade noise. 
Before he got involved with Sea Shepherd, 
he says, his trips were so limited, it took him 
3 years just to spot 31 whales. In his first 
3 weeks on the Martin Sheen, he saw 45. 

With photographs, underwater micro- 
phones, and DNA samples from tissue 
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(obtained with darts), Cardenas Hinojosa 
and his colleagues have uncovered new in- 
sights into beaked whale birthing patterns, 
family structure, and socialization. They 
have also identified a possible new species. 
“We simply would not be able to do this 
work without Sea Shepherd,” he says. 

A handful of other scientists have used 
Sea Shepherd ships to study the impact 
of human activity on humpback whales 
in the Pacific, shark behavior off the coast 
of Gabon, and river dolphin populations 
in the Amazon. Other studies have tested 
sperm whales in the Gulf of California for 
pollutants, which John Payne says “may be 
the biggest threat to whales 
post-whaling.” 

But these projects are just a 
drop in the ocean. What Payne 
needs now is for more scien- 
tists to climb aboard. 


WHEN IT COMES TO Sea Shep- 
herd’s past, Hilborn doesn’t 
mince words. “A bunch of lu- 
natics conducting campaigns 
that were internationally crim- 
inal and a total waste of time,” 
he says. (Watson counters that 
he and his colleagues have 
never been convicted of a fel- 
ony.) But Hilborn is cautiously 
optimistic about the Sea Shep- 
herd Conservation Society’s 
change in direction. “Shedding 
Watson gives them a lot of op- 
portunity for rebranding,” he 
says. He adds that John Payne 
is “a good choice” as director 
of science. (Hilborn served 
on Payne’s Ph.D. committee 
and has worked with him as 
a consultant.) 

Still, Hilborn and others 
say the organization faces 
steep challenges if it wants to become a 
scientific powerhouse. One is equipment. 
High-powered binoculars are among Sea 
Shepherd’s fanciest scientific devices. In 
contrast, traditional research vessels have 
dedicated scientific equipment, personnel, 
and labs. On the Farley Mowat, “a laptop 
is really pushing it,” says Barbara Taylor, 
a biologist with NOAA’s Southwest Fisher- 
ies Science Center who surveyed vaquitas 
from the ship. 

Bruce Appelgate echoes those concerns. 
He leads ship operations at the Scripps In- 
stitution of Oceanography, which operates 
three major scientific vessels and a collec- 
tion of smaller coastal research ships. His 
biggest, the 83-meter Roger Revelle, bris- 
tles with high-tech scientific instruments, 
including a deep-water mapping system, 
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gravity meters, and long-range Doppler so- 
nar. It can also accommodate underwater 
remotely operated vehicles (ROVs), hosts 
well-equipped laboratories, and carries 
a paid scientific crew to operate instru- 
ments. “Doing science right takes an ex- 
traordinary amount of work,” he says. 
Payne admits Sea Shepherd ships can’t 
rival the Revelle. Still, he says, they “are 
large, stable platforms that can operate in 
any weather,’ and will support most of the 
types of research his organization wants to 
do, such as surveying biodiversity, verifying 
catch data, and observing marine animal 
behavior. Hilborn adds that Sea Shepherd 


Peter Hammarstedt, a captain with Sea Shepherd Global, investigates the 
cargo hold of a fishing trawler off the coast of West Africa. 


could easily add more instrumentation. 
“Tt’s all solvable by money.” 

The Sea Shepherd Conservation Society 
currently brings in (and spends) about 
$20 million per year in donations. Payne 
hopes to use some of that on a $100,000 
echosounder to acoustically measure fish 
populations. “We don’t have unlimited 
money for equipment,” Singh says. “But if 
we needed something like an ROV, we'd try 
to make it work.” 

Hilborn is more concerned about the 
organization’s ability to balance its scien- 
tific goals with conservation. After all, its 
donors and volunteers are motivated by 
a desire to save the whales, not measure 
salinity. “You need to go back to the same 
place over and over again for scientific sur- 
veys,” he says. “You can’t do that if you’re 


chasing bad guys across the ocean.” 

Hilborn also worries the group won’t pub- 
lish results that conflict with its mission— 
if it finds, for example, an abundance of 
species in an area thought to be overfished. 
It could create an impartial scientific 
board to help design and evaluate studies, 
he suggests. 

John Payne is currently assembling an 
independent board to do just that. “We are 
committed to full transparency,’ Singh says. 
“Your data is your data. We don’t censor.” 

Appelgate would rather the Sea Shepherd 
Conservation Society used its money to 
fund more established scientific ventures. 
The organization could cover 
ship time for scientists, for ex- 
ample, or partner with Scripps 
as another nonprofit has done. 
Still, he says, if the group 
plunges deeply into its own 
research, he would judge it on 
its merits. “I would pay more 
attention to the scientific rigor 
than to, ‘Hey, these guys used 
to wear pirate masks.” 


JOHN PAYNE NOW spends his 
days calling up scientists and 
mapping out his organization’s 
research future. After reaching 
out to more than 100 academ- 
ics around the world, he says, 
“there is a lot of interest in us- 
ing Sea Shepherd ships for sci- 
ence. I think we'll be turning 
away a lot of people.” 

He aims to request research 
proposals for ship time by the 
end of the year and hopes to 
collaborate with hundreds of 
scientists within 5 years. 

Interest from the develop- 
ing world is especially high, 
he says, as academics there 
struggle even more for access to research 
vessels. What Sea Shepherd could pro- 
vide in these regions is “very important,” 
Cardenas Hinojosa says. 

Sanchez Alos agrees. Undeterred by her 
run-in with the fishers, she’s still trying to 
track vaquitas in the Gulf of California. 
Sea Shepherd’s interactions with the locals 
have become less intense, she says. That 
may be because the organization no longer 
yanks nets from the water; now it just tells 
the Mexican navy where to find them. 

Sanchez Alos is also helping build and 
maintain a database of all of the informa- 
tion Sea Shepherd ships are collecting. 
“We're trying to paint a better picture 
of what’s going on in our seas,” she says. 
“T’m sure the science is just going to keep 
growing—it’s what the world needs.” | 
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Pandemic-inspired policies 
The COVID-19 pandemic disrupted long-standing routines, creating 
myriad challenges and opportunities. Now that many restrictions 
have been lifted, a new normal is taking shape. We asked young 
scientists to describe positive changes their institutions have made, 
or should make, based on lessons learned during the pandemic. 
Read some of the best responses here. Follow NextGen Voices on 
Twitter with hashtag #NextGenSci. —Jennifer Sills 
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Flexible schedules 


My organization has embraced a hybrid 
work model: Employees can choose to 
come to the office for only 2 or 3 days 

a week (or fewer in the case of parents 

of newborns). As the institution under- 
stands the importance of both flexibility 
and creating a strong network within the 
team, team-building games are conducted 
remotely. This strategy helps people to 
relax in the midst of hectic work, thereby 
building a healthy and friendly work 
atmosphere. 

Nandhini Kesavan 

Experian Services India Pvt. Ltd., 


Mumbai 400070, India. 
Email: nandhinik7@gmail.com 


Before the pandemic, all lab members 
were expected to be present in the lab, 
even outside working hours and on week- 
ends. People who were present for long 
hours were considered smart and hard 
working. The pandemic showed that it is 
possible to collaborate and work effec- 
tively in a remote setup. Now, researchers 
have the much-welcomed flexibility to 
work from home when writing an article 
or thesis. 

Senthilkumar Seenuvasaragavan 


Mumbai 400076, India. 
Email: shrisenjohn@gmail.com 


My university has realized that if you 

are sick, you should stay home, and that 
this principle applies to everyone—stu- 
dents, staff, and faculty. This is a much 
kinder and safer policy than the previous 
expectation that sick people should drag 
themselves to campus despite their own 
needs and the risk of contagion. 

Katie Burnette 

Department of Evolution, Ecology, and Organismal 
Biology, University of California, Riverside, 


Riverside, CA 92521, USA. 
Email: katie.burnette@ucr.edu 


Remote learning options 


My department has continued to use a 
hybrid format for departmental seminars 
and colloquia. Hybrid seminars are acces- 
sible; they allow for people to partake in 
the community-building, in-person format 
that was common before the pandemic 
but also offer an opportunity for those 
who cannot physically be there to stay 
involved and informed. Even when the 
speaker is presenting remotely, my depart- 
ment often offers a space for people to 
view seminars in person. Hybrid seminars 
can also diversify the speakers. By invit- 
ing remote speakers without needing to 
consider travel logistics, we can greatly 
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broaden the demographics and expertise 
of our presenters. 

Ashley Barbara Heim 

Department of Ecology and Evolutionary 


Biology, Cornell University, Ithaca, NY 14853, 
USA. Email: abh229@cornell.edu 


Before the pandemic, few profes- 

sors recorded their lectures or offered 
synchronous livestreams. The normaliza- 
tion of video streaming and recording 
applications has offered students who 
have to miss class the opportunity to stay 
on track. As a result, students struggling 
to attend for any reason are less likely 

to fall behind, and students who are sick 
know that they can stay home to recover, 
improving their health and protecting 
their classmates. 

Rishi Jai Patel 

Department of Chemistry, University of 


Pennsylvania, Philadelphia, PA 19104, USA. 
Email: ripatel@sas.upenn.edu 


Financial support 


During the pandemic, our department 
learned to be more responsive to students 
in financial crisis. When a remote student’s 
laptop was stolen (and shipping a library 
loaner device wasn’t feasible), we con- 
firmed that they were eligible for a grant 
to replace the equipment. Immediately, the 
department provided cash for the purchase, 
allowing the student to buy a new laptop 
and return to class. Weeks later, when the 
grant was fully approved, the department 
received a reimbursement for the expense. 
This quick response demonstrated that 
prompt financial support is possible. 

Juliet Johnston 

Department of Civil and Environmental 
Engineering, University of California, Berkeley, 


Berkeley, CA 94720, USA. 
Twitter: @queermsfrizzle 


My PhD institution, Cornell University, 
offered continued financial support to 
international graduate students who 
were stranded in their home countries 
due to government-imposed travel 
restrictions. The support included 
options such as graduate teaching assis- 
tantship (for online courses), graduate 
research assistantship (for studies that 
could be done remotely), and support for 
students to attend online conferences. 
This innovative change made it possible 
for international students to maintain 
progress toward their research degrees 
during the COVID-19 disruptions. Some 
students also had the opportunity to con- 
duct research with collaborators of their 
advisers at institutions in the students’ 


24 = 1 JULY 2022 + VOL 377 ISSUE 6601 


home countries. Providing international 
students with the option to temporarily 
continue their work remotely could allevi- 
ate stress for those who need to travel 
home in the future. 

Xiangkun (Elvis) Cao 

Department of Chemical Engineering, 


Massachusetts Institute of Technology, 
Cambridge, MA 02139, USA. Twitter: @Elvis_Cao 


Mental health services 


The pandemic lockdowns began shortly after 
I arrived in China to begin my postdoc. I was 
isolated in a new place, far from family, and 
my mental health suffered. My institution 
could have helped by providing psychiatrist 
consultations for foreign postdocs. With 
more support, I could have adjusted more 
quickly and been more productive. Such 
services should always be available to those 
experiencing stress, especially foreign stu- 
dents and employees. 

Hafiz Arbab Sakandar 

Food Engineering Department, Inner Mongolia 


Agricultural University, Hohhot, Inner Mongolia, 
China. Email: hafizarbabsakandar@gmail.com 


After the pandemic lockdowns, my 
institution began to pay more attention 
to the mental health of students, espe- 
cially those who faced stalled projects or 
difficulties finding a job. I was one of the 
“Psychological Committee” volunteers, 
recruited by the Students Counseling 
and Mental Health Center. We organized 
activities to help students relieve stress 
and make friends. The committee also 
answered mental health questions on 
social media. During this time, I received 
training from the university on how to 
recognize and respond to psychologi- 

cal crises, which helped me support my 
classmates. The university has also made 
professional psychological consultants 
available to students. Both the services 
offered and the training I received should 
be made widely available going forward. 
Yan Zhuang 

Peking-Tsinghua Center for Life Sciences, 


Peking University, Beijing 100871, China. 
Email: zhuangyanisme@pku.edu.cn 


Facilitation of exercise 


My university sports center adapted 

to pandemic concerns by starting an 
electronic sign-up and sign-in system to 
use the facilities. At first a way to limit 
capacity and conduct contact tracing, 
the system is still in place today. Some 
may find the requirements burdensome, 
given that walk-in attendance was pos- 
sible before the pandemic and there are 


penalties for not showing up. However, for 
me, this change promotes accountability, 
adds structure to the day, and has led to 
better time management. 

Kathryn K. Oi 

Department of Chemistry, University 


of Zurich, 8057 Zurich, Switzerland. 
Email: kathryn.oi@chem.uzh.ch 


My organization has established a mobile 
sports platform for employees and 
students to plan personal fitness and exer- 
cise. With this software, people can make 
personalized indoor exercise training 
plans and view professional guidance at 
home. The benefits of helping employees 
meet their fitness goals will long outlast 
the pandemic. 

Yuan Zhi 

School of Economics, Guizhou University, Guiyang, 


Guizhou 550025, China. 
Email: yzhi@gzu.edu.cn 


Online tools 


Before the pandemic, most faculty at my 
university didn’t know how to use online 
teaching software, and the university didn’t 
have an online teaching resource database. 
During the pandemic, the office of academic 
affairs conducted systematic training for 
teachers and students, made a series of 
teaching videos, and established corre- 
sponding websites for students to browse 
and study. This online teaching platform 
provides crucial resources that both faculty 
and students continue to use. 

Yujie Diao 

Department of Blood Transfusion, The First 
Affiliated Hospital of Anhui Medical 


University, Hefei, Anhui 230022, China. 
Email: dyjahhf@163.com 


Because of the pandemic, digital innova- 
tions in higher education that would have 
otherwise taken years to implement were 
introduced in a matter of days. The changes 
were examples of “creative destruction,” a 
concept originated by economist Joseph 
Schumpeter. My institution started using 
educational technology driven by artificial 
intelligence that predicts the navigational 
behavior of learners in an online course and 
identifies pedagogically valuable behaviors 
in real time. The technology serves as an 
online tutor that can assess a student’s 
strengths and weaknesses and deliver per- 
sonalized individual instructions, extending 
the capacity of a classroom teacher. 

Wadim Strielkowski 

Department of Agricultural and Resource 
Economics, University of California, 

Berkeley, Berkeley, CA 94720, USA. 


Email: strielkowski@cantab.net 
10.1126/science.add2046 
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PALEOCLIMATE 


Can the Miocene climate 
inform the future? 


Another climate reconstruction shows a correlation 


between temperature and CO, 


By Anna S. von der Heydt 


tmospheric CO, concentrations are 

rapidly rising. To reliably predict the 

future, researchers have looked at 

past climates with comparable CO, 

concentrations, dating back millions 

of years. Although these past climates 
are not perfect analogs of the future, they 
still provide information about how the cli- 
mate system functions under increased CO, 
concentrations. Because there are no direct 
observations of past climate states, climate 
variables need to be inferred from geological 
data, generally referred to as proxies. On page 
116 of this issue, Herbert et al. (7) present a re- 
construction of the evolution of atmospheric 
CO, concentration over the past 20 million 
years. Their data provide a consistent expla- 
nation for the long-term evolution of global 
temperature and ice sheets on Earth and give 
a glimpse into its climate future. 

The global average surface temperature is 
expected to rise between 1.4° and 4.4°C by the 
end of this century relative to the preindus- 
trial temperature, with substantial impacts 
expected on every aspect of natural ecosys- 
tems and human societies (2). The anticipated 
warming depends on how Earth responds 
to radiative perturbations driven by green- 
house gases in the atmosphere, of which CO, 
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plays the most prominent role. Quantitative 
comparisons of future projected climates 
between different geological epochs have re- 
vealed the Pliocene climate [~3 million years 
ago (Ma)] as the most similar to the projected 
climate under the RCP4.5 scenario, which is 
a likely greenhouse gas trajectory according 
to the Intergovernmental Panel on Climate 
Change (IPCC). (RCP stands for representa- 
tive concentration pathway, with the number 
representing the level of radiative forcing in 
the atmosphere by 2100, measured as watts 
per square meter.) Under the less optimistic 
RCP8.5 scenario, the world may then stabi- 
lize in an Eocene-like climate circa 50 Ma (3). 
However, during the Eocene, polar ice sheets 
were absent, and geographical boundary 
conditions were substantially different from 
those today, which makes direct comparison 
with future projected climates more difficult. 
Amore recent warm climate episode in the 
past is the Miocene, from roughly 23 to 5.3 
Ma. One puzzling element of Miocene climate 
is that its global temperature seemed to be 
higher than what one would expect given its 
atmospheric CO, concentration (4). Proxies 
suggest global sea surface temperature dur- 
ing the Miocene Climatic Optimum [(MCO), 
about 15 Ma] to be 11.5°C warmer than that of 
the preindustrial period, although estimates 
of atmospheric CO, suggest relatively low lev- 
els of 450 to 550 parts per million (ppm) (5). 
Thus far, climate models have failed to rec- 
oncile such warm MCO temperatures without 


Herbert et al. report on a new method for 
reconstructing atmospheric CO, concentrations over 
the past 20 million years. Their findings support 

a long-term covariance of atmospheric greenhouse 
gases and the global mean temperature. 


assuming atmospheric CO, concentrations in 
excess of 850 ppm (5). Herbert et al. present 
newly reconstructed CO, concentrations of 
500 to 1100 ppm during much of the early 
Miocene, including the MCO, suggesting that 
the CO, amounts in climate models were not 
unrealistically high. Most notably, their re- 
construction considers the rate at which oce- 
anic crust is produced to be directly related 
to tectonic degassing rates of CO,. In previ- 
ous studies, tectonic degassing rates were 
mostly assumed to be constant over time, but 
Herbert et al. suggest that tectonic degassing 
was substantially higher up until the MCO, 
after which degassing rates declined along 
with global cooling. The authors arrive at an 
even warmer estimate of MCO global mean 
surface temperatures by using organic prox- 
ies from higher-latitude sites only. They care- 
fully chose the proxies because during warm 
climates, organic proxies can become satu- 
rated in tropical and mid-latitude sites and 
can therefore lead to unreliable results. 
Hebert et al’s reconstructed atmospheric 
CO, evolution over the past 20 million years 
tracks with estimated global mean surface 
temperatures. Therefore, the Miocene cli- 
mate appears less like an exception to the 
rule (4). With their model for the Miocene 
providing a temperature and global ice vol- 
ume evolution that follows the atmospheric 
CO, concentration, different episodes in the 
Miocene may provide climate states with 
similarity to future projected climate states. 
The authors used a carbon budget model to 
explore how decreasing the tectonic degas- 
sing source of CO, could lead to declining 
CO, concentrations. Over long time scales, 
the degassing CO, source is balanced by a 
temperature-dependent sink resulting from 
the weathering of silicate rocks, extracting 
CO, from the atmosphere (6). Because tem- 
perature depends on atmospheric CO,, two 
parameters enter the carbon budget model— 
Earth system sensitivity (ESS) and weather- 
ability. ESS relates global temperature and at- 
mospheric CO, on long time scales. It differs 
from a parameter that is more widely used 
for the future called equilibrium climate sen- 
sitivity (ECS). ESS includes slower processes, 
such as tectonically driven land-ocean distri- 
bution, vegetation cover, and land-ice distri- 
bution (7, 8), whereas ECS quantifies only the 
faster responses to CO, doubling. By varying 
the ESS and weatherability within plausible 
ranges, Herbert et al. arrived at their CO, evo- 
lution, which includes uncertainty estimates 
that mostly stem from uncertainty in ESS. 
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Despite extensive research, both ECS and 
ESS are subject to considerable uncertainty 
(9). Improving the understanding of climate 
sensitivity and its evolution on long time 
scales—e.g., throughout the past 65 million 
years—is therefore an important challenge 
for the field of paleoclimate studies (JO, 11). 
The evolution of atmospheric CO, and tem- 
perature throughout the past 20 million 
years suggests that the Miocene climate is 
less exceptional than previously thought. 
Global temperature, land and sea ice volume, 
and atmospheric CO, seem to covary on long 
time scales in ways that are not too differ- 
ent before and after the Miocene. Declining 
CO, concentrations over the Cenozoic pe- 
riod reached a first threshold at the end of 
the Eocene (34 Ma), crossing a tipping point 
that resulted in a large ice cap on Antarctica. 
Although this CO, threshold remains subject 
to considerable (model-based) uncertainty, 
the previously reconstructed low Miocene 
CO, amounts were at odds with the observa- 
tion that the East Antarctic Ice Sheet largely 
disappeared during the MCO. 

Within the paleoclimate community, the 
mounting Miocene proxy data continue to 
drive the need for a coordinated effort to 
compare different Miocene models (12). The 
Miocene climate could also provide informa- 
tion and understanding of nonlinear or tip- 
ping point behavior of specific climate sub- 
systems—such as polar ice caps, the global 
ocean circulation, or tropical rainforests—rel- 
evant for future climate change (73). A better 
understanding of the Miocene climate will 
provide important insights for understand- 
ing the future climate of Earth. 
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Sleeping off stress 


Social defeat activates midbrain cells, promoting sleep 


and reducing anxiety in mice 


By Marian Joéls'? and E. Ronald de Kloet? 


hen a mouse is placed in the cage 
of an aggressive conspecific (the 
“resident”), usually the intruder 
is quickly defeated. This experi- 
ence of social defeat causes stress 
to the intruder. When social de- 
feat takes place during the inactive phase 
of the day, most of the defeated animals 
subsequently fall asleep. On page 63 of this 
issue, Yu et al. (1) show that a small group 
of cells in the ventral tegmental area (VTA), 
projecting to the lateral hypothalamus, is 
activated by social defeat. This pathway is 
key to restorative sleep after social defeat, 
preventing a lasting state of anxiety. 

These VTA cells are y-aminobutyric acid 
(GABA) neurons, and not the classical dopa- 
mine neurons that regulate reward process- 
ing and reinforcement learning (2), social 
competence (3), motivation, and stress cop- 
ing (4). Yu et al. find that after social defeat 
in mice, input from brain areas such as the 
paraventricular nucleus of the hypothala- 
mus, the lateral preoptic area, and periaq- 
ueductal gray activates 15 to 20% of all VTA 
GABAergic cells that express the vesicu- 
lar GABA transporter (VTA’”). These are 
particularly somatostatin-expressing cells 
(VTA'2*8s) and not parvalbumin-expressing 
cells. The VTA"#**S* cells show increased ac- 


tivity up to several hours after social defeat 
and project to the lateral hypothalamus. 
Activation of this pathway is both necessary 
and sufficient to promote rapid eye move- 
ment (REM) and non-REM sleep onset, as 
well as sleep duration, after social defeat. 
The authors found that sleep after social de- 
feat normalizes raised plasma corticosterone 
concentrations and keeps anxiety at bay. 
Conversely, sleep deprivation (or any inter- 
ference with VTA"***S* cell-mediated activa- 
tion of the lateral hypothalamus) sustains 
stress-induced elevation of corticosterone 
concentrations and anxiety-like behavior. 
Exactly how sleep is induced after social 
defeat remains unresolved, as is the nature 
of the cells to which the VTA’“5* cells pro- 
ject. It might seem straightforward that 
these VTA interneurons project onto 
GABAergic cells in the lateral hypothalamus, 
which are known to locally inhibit orexin- 
producing cells (5). Orexin is a neuropep- 
tide that, among other things, is important 
for arousal and wakefulness. By inhibiting 
orexin-producing cells, faster sleep onset, lon- 
ger sleep duration, and reduction of anxiety 
would be predicted. However, attempts by Yu 
et al. to demonstrate a role of orexin blockade 
on, for example, anxiety were inconclusive. 
The relationship between social defeat- 
induced sleep, restoration of plasma corti- 
costerone concentrations, and prevention of 


Social defeat activates interconnected brain systems 

Somatostatin (Sst)-expressing y-aminobutyric acid (GABA) neurons in the mouse ventral tegmental area 
(VTA\etSst) that project to the lateral hypothalamus (LH) are necessary and sufficient to promote sleep 
and attenuate anxiety after social defeat. Social defeat also activates other pathways, connecting the VTA 
mesocorticolimbic dopaminergic (DA) system to, e.g., the amygdala, nucleus accumbens (ACC), prefrontal 
cortex (PFC), paraventricular nucleus (PVN), and hippocampus. These systems are often interconnected, 
processing various elements intrinsic to a social defeat experience. 
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anxiety, as reported by Yu et al., is not equivo- 
cal: Are these phenomena causally linked or 
do they occur in parallel? A causal relation- 
ship is suggested by the observation that 
VTA"s"S* stimulation during artificial sleep 
deprivation after social defeat cannot restrain 
anxiety, nor (fully) normalize stress hormone 
concentrations in plasma. Yet, chemogenetic 
stimulation of VTA’*S* cells (in the absence 
of social defeat) increases sleep but does not 
affect concentrations of the stress hormones 
corticotropin-releasing factor (CRF) and cor- 
ticosterone. This suggests that parallel path- 
ways might regulate sleep and anxiety, which 
is also supported by recent studies showing 
the importance of a reciprocal loop between 
the VTA and parts of the amygdala in social 
defeat-induced anxiety (6, 7). The parallel 
pathways of VTA-lateral hypothalamus to 
regulate sleep and VTA-amygdala to regulate 
anxiety are reminiscent of the observation 
that glucocorticoid receptor deletion in pre- 
frontal dopaminoceptive neurons decreases 
social avoidance but not anxiety and fear 
memories after mice were subjected to 10 
days of social defeat (8). 

It could be hypothesized that sleep in- 
duced by the hypothalamus and activation of 
the hypothalamic-pituitary-adrenal (HPA) 
axis (which eventually causes a rise in cir- 
culating corticosterone concentration) may 
affect social aversion, and through a paral- 
lel pathway involving limbic regions, reduce 
anxiety (9, 10). Thus, during sleep, events 
experienced while awake are replayed, bind- 
ing elements of the experience in various 
parts of the brain and forming a memory 
of the situation (77). Such memory-enhanc- 
ing effects of sleep are particularly strong 
for locations with an aversive connotation, 
as in the case of a social defeat experience. 
Eventually this results in the formation of 
gist-like memories. REM sleep is proposed 
to depotentiate amygdala _ reactivation 
(which is associated with anxiety), tuning 
down amygdala inputs to the hippocampus 
(12). This would allow contextual elements 
to be stored, freed from the anxious con- 
text. Overall, interconnected parallel loops 
appear to be involved in the processing of 
various elements that are intrinsic to a so- 
cial defeat experience (see the figure). 

Sleep and stress entertain a complex 
courtship. Intuitively, falling asleep after 
experiencing stress may not sound logical: 
Almost all mood and anxiety disorders are 
characterized by sleep abnormalities, which 
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in turn exacerbate the susceptibility to new 
episodes and progression of such disorders 
(12, 13). However, there may be two impor- 
tant differences between such pathological 
conditions and the one described by Yu et 
al. Single stressors may have different con- 
sequences than the wear and tear caused 
by a chronic state of (unpredictable) stress. 
Furthermore, the induction of sleep may 
be specific for stressful situations such 
as social defeat that have little ambiguity, 
whereas stressors with a more uncertain 
outcome may affect sleep negatively. Even 
though social defeat is a negative live event, 
it is relatively straightforward: The defeated 
mouse knows exactly what the consequence 
is—i.e., a subordinate position. 

Not all individuals may respond to social 
defeat with a bout of sleep. Recent findings 
showed that social stress promotes sleep- 
like inactivity in mice, with a large degree of 
variation among experimental animals (/4). 
This variation is also noticeable in the experi- 
ments by Yu et al.: About half of the animals 
showed a strong increase in REM sleep du- 
ration, whereas the remaining mice slept 
the same amount as controls. This requires 
further investigation in larger groups of mice 
(15), which would also be helpful to probe the 
robustness of the current explorative study. 
The source of interindividual variation could 
arise from the animal’s sex (the social defeat 
model is optimized for male mice), and ge- 
netic predisposition, and be modulated by 
life events, affecting the sleep pattern, per- 
sonality, stress responsivity, ability to con- 
textualize, and so on—or any combination 
of these. Knowing the essential steps in the 
brain may help steer future interventions 
in rodents and perhaps even humans after 
stressful experiences, be it through cognitive 
therapy or pharmacotherapy or maybe, one 
day, genetic interference. 
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HEALTH TECHNOLOGY 


Cooling the pain 
A miniaturized, flexible 


cooling device can be used 
for precise analgesia 


By Shan Jiang? and Guosong Hong!” 


s one of the most critical health 
problems, pain afflicts one in five 
adults in the world (1). Despite the 
efficacy of opioids in treating pain, 
opioid use disorder and overdose 
have motivated the development of 
nonopioid alternatives, such as other an- 
algesics (2), electrical stimulation (3), and 
acupuncture (4) for pain management. 
Among these alternatives, analgesic nerve 
cooling offers an effective and reversible 
strategy to alleviate pain (5). On page 109 
of this issue, Reeder e¢ al. (6) report a min- 
iaturized and implantable cooling system 
that integrates state-of-the-art microfluidic 
and flexible electronic technologies in a 
biodegradable platform for localized tem- 
perature control and precise pain relief. 

Analgesic nerve cooling leverages the 
temperature dependence of chemical reac- 
tion rates to effectively reduce the meta- 
bolic, electrogenic, and ionic activity in the 
neural tissue at lower temperatures (7). A 
moderate temperature decrease in nerves to 
15°C has been reported to block the trans- 
mission of compound nerve action poten- 
tials, whereas a complete nerve conduction 
block can be achieved at 5°C (8). The risk 
of inducing nerve damage at an even lower 
temperature calls for precise control of local 
cooling. Conventional nerve-cooling meth- 
ods rely on precooled liquids, such as meth- 
anol, delivered through a metal or silicone 
loop or a thermoelectric device (9). These 
interfaces are constrained by their bulky 
and rigid structures, nonspecific cooling, 
and high-power requirement, thus limiting 
their chronic application in the peripheral 
nervous system. 

An implantable cooling device with on- 
demand local analgesia will be a game 
changer for long-term pain management. 
Reeder e¢ al. capitalized on their expertise 
in advanced flexible microsystems (JO) to 
create a microfluidic cooling device with 
real-time temperature feedback. Compared 
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with other approaches to achieving nerve 
blocks, their device outperforms conven- 
tional in vivo cooling methods for several 
reasons (see the figure). Composed of ser- 
pentine architectures and elastomeric ma- 
terials with similar elasticity to those of pe- 
ripheral nerves, the device is soft, flexible, 
and stretchable. Because of its tissue-like 
mechanical properties, this device readily 
wraps around the nerve like a cuff elec- 
trode, forming an intimate interface to fa- 
cilitate effective heat transfer. The device 


The flexible and bioresorbable 


microfluidic cooler for nerve blocks 
With embedded microfluidics and microelectronics, this bioresorbable 
device can achieve precise and reversible pain mitigation through local 
coolant evaporation in the microfluidic channel, where the neighboring 
temperature sensor monitors real-time temperature changes. 


\ 


Temperature 
sensor 


is also bioresorbable; it dissolves in physio- 
logical fluids over months and yields a min- 
imal inflammatory response in the tissue. 
The gradual biodegradation of the device 
is attributed to a bioresorbable elastomer 
known as poly(octanediol citrate), which is 
used to build the microfluidic system. In 
addition, the device leverages an evapora- 
tive mechanism to produce rapid cooling, 
in contrast to conventional precooled liq- 
uids with slower temperature reduction 
kinetics. Because the spatial spread of 
heat diffusion scales with time, more rapid 
cooling, along with the low heat capacity of 
exhaust gas, yields greater spatial confine- 
ment and more localized analgesia down 
to the millimeter scale. Lastly, this device 
incorporates a temperature sensor in an 
electronic layer alongside the microfluidic 
system, which provides real-time feedback 
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Bioresorbable 
platform 


Microfluidic 


for precise control of local temperatures. 
In achieving spatiotemporally precise 
cooling, Reeder et al. demonstrate the 
power of engineering advances in address- 
ing unmet biomedical needs. The evapora- 
tive cooling scheme has been applied in 
the thermal management of high-density 
electronics (17). However, its application in 
pain management in living organisms has 
so far been limited. This is largely because 
of the shape mismatch at the thermal in- 
terface because these devices usually come 


Nitrogen flow to 
trigger the evaporation 
of perfluoropentane 


in the form of rigid parallel plates (72), 
making them less than ideal for accompa- 
nying nerves, which, by contrast, are soft 
and geometrically complex. 

Reeder et al. applied evaporative cooling 
in a soft and stretchable microfluidic plat- 
form, which has previously been used for 
drug delivery in the nervous system. The 
bioinertness of perfluoropentane and its 
clinically approved use as an intravenous 
ultrasound contrast agent justify its use as a 
biocompatible liquid coolant in vivo. By tak- 
ing advantage of the low boiling point and 
high enthalpy of vaporization of perfluoro- 
pentane (73) alongside the use of dry nitro- 
gen gas, the device created by Reeder et al. 
achieved a maximum cooling rate of 3°C/s. 

When tested on rats, their device pro- 
duced highly localized cooling and enabled 
efficacious and_ reversible conduction 


blocks of rat sciatic nerves, as observed 
by electromyography, compound nerve 
action potential, and muscle-force mea- 
surements. Furthermore, the stretchable 
cooling device achieved analgesia in freely 
moving rats with neuropathic pain over 
several weeks after implantation, as dem- 
onstrated in von Frey anesthesiometer 
measurements and histological analyses. 
This stable interface, along with its degra- 
dation over time, enables on-demand pain 
Management with long-term utility while 
obviating the need for surgical extraction 
after the period of intervention. 

Besides the demonstrated strengths of 
the miniaturized, flexible cooling device 
for pain mitigation, the technology pre- 
sents further opportunities for neurosci- 
ence research and neurological practice. 
Specifically, cortical cooling has been used 
as a nongenetic means to silence neural 
activities and investigate circuit dynam- 
ics in the brain (14). The localized, revers- 
ible cooling effect represents an attractive 
method for manipulating neural activi- 
ties with high spatiotemporal resolutions, 
chronic utility, and minimal invasiveness 
in nonhuman primates and even humans. 
In addition, this technology offers a non- 
opioid alternative for targeted, on-demand 
pain relief in current hospital settings. A 
wearable cooling device with a more com- 
pact integration of its components helps 
achieve point-of-care pain management. 
By leveraging the latest advances in flex- 
ible and stretchable bioelectronics, an 
all-in-one nerve interface with cooling, 
temperature monitoring, and electrophysi- 
ological recordings may be possible in the 
future, offering real-time adjustment of 
cooling temperatures, duration, and inter- 
mittency to achieve desired physiological 
and therapeutic effects. 
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TSUNAMIS 


The wave blown around the world 


The atmospheric wave from the Tonga eruption drove faster-than-normal tsunamis 


By Emily E. Brodsky and Thorne Lay 


n 15 January 2022, unusual waves 

appeared in Earth’s atmosphere 

and oceans (J—3). The origin of the 

waves was clearly the catastrophic 

volcanic eruption in Tonga, which 

pummeled the atmosphere with the 
largest eruptive plume since the 1883 erup- 
tion of Krakatoa, Indonesia. On page 95 of 
this issue, Matoza et al. (4) show that the 
2022 Tonga eruption generated waves in 
the water, air, and even in the ionosphere 
that wrapped around Earth multiple 
times. Tsunamis appeared to hop across 
the land into all of the major ocean basins. 
And on page 91 of this issue, Kubota et al. 
(5) explain that the tsunamis arrived much 
earlier than expected on the basis of con- 
ventional tsunami modeling, and the wave 
trains lasted much longer than for even 
the largest earthquakes (5). 

Tsunamis are ocean waves with several- 
hundred-kilometer-long wavelengths that 
are usually caused by sudden perturba- 
tions of the ocean. Giant earthquakes, 
such as the 2004 magnitude 9.2 Suma- 
tra earthquake, can produce abrupt sea- 
floor movements that extend as much 
as 1500 km along the fault rupture on 
a tectonic plate boundary, displacing 
the overlying ocean and generating a dev- 
astating tsunami. But earthquakes are not 
the only events that trigger tsunamis— 
landslides and volcanic eruptions can also 
displace large volumes of water in the 
ocean and produce tsunami waves. 


Once the water is displaced, tsuna- / 


mis travel as ordinary gravity waves / 


with buoyancy providing the re- / 
storing force. Gravity waves in the 7: 
ocean include the familiar waves 

on the sea surface that break / 
on the seashore. Tsunamis are 
usually governed by the same 
physics. However, because of 
their long wavelengths, the 
speed and path of the grav- / 
ity waves are determined / 
by the variable depth of / 
the ocean. Investments | 
in tsunami modeling, ¢ 
motivated by the events  \{_ 
of the 2004 Indian Ocean 
tsunami and the 2011 Tohoku 
tsunami in Japan, have helped 
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develop forecasting and warning systems 
for tsunamis that now produce reasonably 
accurate predictions after earthquakes of 
when and where tsunamis will occur as 
well as how high the waves will be. 
Surprisingly, the first tsunami arrivals 
produced by the Tonga eruption were ob- 
served several hours earlier than antici- 
pated. Kubota et al. explain that the fast 
and complex tsunamis result from how the 
ocean interacts with the atmosphere after 
a volcanic eruption (see the figure). They 
show that the atmospheric and oceanic 
dynamics are intimately connected. The 
atmospheric waves were accompanied by 
a coupled oceanic wave that traveled at a 
speed that exceeded that of conventional 
tsunami gravity waves in the ocean (~200 
m/s). The coupled wave can be modeled as 
an acoustic-gravity wave, which travels by 


simultaneously compressing (like a sound 
wave) while having an accompanying 
buoyancy force at the air-sea interface. In 
effect, the air wave blew the tsunami wave 
across the ocean, even passing over conti- 
nents and driving new tsunamis when the 
ocean was again encountered. 

This rare method of tsunami genera- 
tion has a precedent in the last eruption 
that produced such strong atmospheric 
waves. Like the 2022 eruption in Tonga, 
the 1883 Krakatoa event also produced 
an intense atmospheric acoustic-gravity 
wave and infrasound that could be heard 
up to 3000 miles away (4). In 1955, Press 
and Ewing (6) noted that air-pressure in- 
creases were coincident with initial oce- 
anic waves observed around the world. In 
1967, Harkrider and Press (7) went on to 
analyze the coupled motion of the ocean 
and atmosphere to quantify 
the mechanistic connection. 


Multiple tsunami generation mechanisms 
The January 2022 Tonga eruption generated waves in the oceans, 
atmosphere, and ionosphere as reported by Matoza et al., including 
unusual tsunamis blown by atmosphere at the air-sea interface as 
shown by Kubota et al. 


lonosphere 
Tonga volcano | and 


atmosphere 


Ocean 


Earth 


Ordinary tsunamis 
are gravity waves in the 
ocean generated by the 
displacement of water 
near the volcano. 


Driven tsunamis are 
coupled acoustic-gravity 
waves that travel along 
the air-sea interface. 


Scattered tsunamis 
are generated by the 
interaction of the tsunami 
waves with islands and 
other obstacles. 


Of course, the data from 1883 
were difficult to analyze and 
the Krakatoa observation stood 
as an oddity in the annals of 
tsunami generation until the 
2022 eruption in Tonga pro- 
duced extensive global obser- 
vations (4). 

The wavefield that resulted 
was captured with unprece- 
dented resolution as explained 
by Matoza et al. The rich data 
make it clear that very large- 
scale atmospheric transients of 
eruptions or atmospheric im- 
pacts should be expected to pro- 
duce large, fast, and complex 
tsunamis around the world. 
The volcanic blast produced a 
nondispersive wave in the at- 
mosphere that traveled along 
Earth’s surface with a pressure 
oscillation lasting over 2000 s 
that expanded away from the 
source at about 315 m/s (4, 5, 
8-11). Slower acoustic waves 
were of high enough frequen- 
cies (>20 Hz infrasound) that 
they could be heard by people 
in Alaska, more than 6000 
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miles away from the erupting volcano. 

In addition, conventional tsunami waves 
were generated near the source in response 
to the initial ocean displacement, and scat- 
tered tsunami waves were generated as 
the driven wave encountered variations 
in ocean depth across the Pacific. This 
combination of generation mechanisms 
produced the very long-lasting sequence 
of tsunami waves, including the largest 
waves, which were twice as large as the ini- 
tial atmospherically coupled one (7/7). Even 
more elastic waves were produced in the 
solid earth and were observed on seismom- 
eters globally (72). 

The 2022 Tonga eruption reawakens 
curiosity about processes crossing tradi- 
tional boundaries between Earth systems. 
Atmosphere-Ocean-Solid Earth coupling 
is a major focus of climate research, yet 
observations that directly sample their 
interaction may have been underutilized. 
Volcanic eruption studies show that the 
tools of infrasound and seismology that 
have traditionally been used to study the 
solid Earth potentially have much broader 
uses. New technologies and networks in 
a data-rich world are providing windows 
into dynamic interactions between Earth’s 
systems. Oceans, rivers, glaciers, and hur- 
ricanes all produce distinctive waves that 
are now routinely recorded on global net- 
works (13-15). Earth’s systems are broad- 
casting their interactions through multiple 
types of waves, and now instrumentation 
is in place to receive their signals. It is up 
to the scientific community to reach out 
across the disciplinary boundaries and use 
the data to ask the right questions about 
the entire Earth system. 
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NEURODEGENERATION 


Elucidating the causes of 
neurodegeneration 


Investigating phase separation in neurodegeneration 
highlights evidence needed for causation 


By Gregory A. Petsko! and Scott A. Small? 


ow can a given gene, or gene prod- 

uct, or the cellular pathway it serves 

be determined as causal for neuro- 

degenerative diseases instead of be- 

ing a consequence of the underlying 

pathology? There are questions about 
the current theories that explain neurode- 
generation, with therapeutic strategies pro- 
ducing disappointing results. On page 46 of 
this issue, Zhou et al. (J) attempt to address 
whether the aberrant phase separation of 
protein domains of low amino acid sequence 
complexity are causally pathogenic in sev- 
eral neurodegenerative diseases, including a 
form of frontotemporal dementia. Their ap- 
proach has potential application in identify- 
ing causative factors in a range of disorders, 
as well as to the formation of membraneless 
organelles in normal cells. 

In 1884, Robert Koch and Friedrich 
Loeffler proposed postulates to establish 
that a microorganism caused an_infec- 
tious disease (2). Despite many iterations of 
Kochs’ postulates since (3), the concept of a 
set of criteria that should be satisfied to de- 
termine causality for an infectious disease 
remains useful. Nowhere is such rigor more 
needed than in the case of neurodegenera- 
tive diseases. The complexity, chronicity, and 
relative inaccessibility to experimentation of 
the human brain, and lack of good animal 
models, as well as the phenotypic heteroge- 
neity and age dependence of most of these 
disorders make finding causal biological 
pathways very difficult. Consequently, spe- 
cific criteria to establish causality for a neu- 
rodegenerative disease and to validate a 
target and therapeutic approach might be 
useful. Ideally, given the complexity of the 
problem, such postulates should reflect an 
integrative biology approach (see the figure). 

A set of criteria are proposed, integrat- 
ing evidence from human molecular biology 
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(whether key molecules of the pathway are 
dysregulated in the disease), cellular biol- 
ogy (when disrupted, whether the pathway 
causes the disease’s cardinal cellular pa- 
thologies), and anatomical biology (when 
disrupted, whether the pathway causes the 
disease’s cardinal anatomical pathology). In 
the case of Alzheimer’s disease, the hypoth- 
esis that misprocessing of the amyloid-B 
precursor protein (APP) produces cytotoxic 
extracellular amyloid plaques fulfills parts 
of the first two criteria. But amyloid plaque 
deposition is not primarily observed in the 
trans-entorhinal cortex (TEC), where neuro- 
degeneration begins in Alzheimer’s disease— 
an anatomical mismatch between plaques 
and neurodegeneration noted by Alzheimer 
himself (4). The TEC is important in short- 
term memory and navigation, which become 
disrupted in Alzheimer’s disease. Two prom- 
ising new hypotheses for the causes of neu- 
rodegeneration in Alzheimer’s disease—dys- 
function of the innate immune system in the 
brain (5) and defects in endosomal protein 
trafficking (6)—are not mutually exclusive; 
the latter may fulfill all three criteria (7). 
Zhou et al. describe experiments aimed 
at satisfying these criteria in an attempt 
to resolve an ongoing controversy about 
how low-complexity sequence domains 
form membraneless organelles (8) but also 
to identify a causal mechanism for several 
neurodegenerative diseases. It has been 
known for more than a century that eukary- 
otic cells contain phase-separated liquid- 
like droplets, but interest in their composi- 
tion and function waned. However, in 2009, 
germline P granules in Caenorhabditis el- 
egans were shown to be liquid droplets that 
displayed similar behavior to that of oil in 
water (9). Further work revealed that such 
phase separation was common, especially 
for some protein-RNA complexes, and it 
was proposed that the resulting membrane- 
less organelles likely played important 
functional roles in the regulation of gene 
expression and nuclear import (10) by pro- 
viding a way to temporarily organize criti- 
cal components without the complexity of 
transporting molecules across a membrane. 
In 2012, amyloid-like fibers were identi- 
fied in hydrogels formed from low-complex- 
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ity domains (17). Low-complexity domains 
are stretches of protein sequence compris- 
ing only a few different amino acids; they 
have been found in most of the proteins 
in membraneless organelles. Many have 
also been linked to neurologic disorders, 
the prevailing hypothesis being that this 
self-association sequesters critical proteins 
from their normal function and recruits 
other key cellular components into the fi- 


sheet structure is the mechanism that drives 
both membraneless organelle formation and 
pathogenesis in certain neurodegenerative 
diseases. In so doing, they solve a thorny 
problem: how to test the role of the polypep- 
tide chain backbone when virtually any mu- 
tation will leave that backbone intact. They 
stitched synthetic peptides with one modified 
backbone residue into the middle of the low- 


complexity domain in the RNA binding pro- 


tion, Zhou et al. looked for disease-causing 
mutations in proline residues in other low- 
complexity domains (the molecular biology 
criterion). They found such mutations in 
neurofilament light chain (NFL): When Pro” 
or Pro’ are mutated, NFL forms stable aggre- 
gates that cause Charcot-Marie-Tooth disease 
(an inherited peripheral nerve disorder). 
Moreover, capping the residues replacing 
the proline with backbone-nitrogen methyl 
groups restored normal NFL be- 
havior in biochemical assays. 
Similar analyses of disease- 


Integrative biology as evidence for causation in neurodegeneration 

Three main criteria should be met for establishing causation in neurodegenerative diseases: Key molecules of a biological 
pathway should be dysregulated in the disease (molecular biology), and when disrupted, the pathway should cause the disease’s 
cardinal cellular pathologies (cellular biology) and explain the disease's anatomical vulnerability (anatomical biology). 


causing mutations in prolines in 
the tau protein, which give rise 
to frontotemporal dementia, and 


Molecular biology 


7 ae 


Mixed 


Liquid droplet 


oe 
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solid aggregate 


For example, mutated low-complexity 
domain proteins form less dynamic 
membraneless organelles in several 
neurodegenerative diseases. 


pathologies 
diseases. 


bril. But unlike the amyloid fibrils observed 
in Alzheimer’s disease and other neurode- 
generative diseases, the fibers in hydrogels 
had few interfacial hydrophobic residues 
and were highly labile. 

Controversy has arisen around the role of 
secondary and tertiary structures in the self- 
association of low-complexity domains and 
consequent phase separation. Two compet- 
ing models have been proposed. In one (12), 
low-complexity domain self-association is 
driven by the formation of a labile cross-B 
sheet structure stabilized by hydrogen bonds 
between N-H and C=O groups of adjacent 
strands of the polypeptide backbone. Because 
the polypeptide backbone is the same for 
each residue, in this model specificity as to 
which chains associate, and in what register, 
arises from some side chain interactions, as 
observed in crystal structures of amyloid-like 
fibers (13). In the other model (/4), specific 
secondary structure plays little or no role, 
and backbone interactions are not thought 
to be essential; coalescence is proposed to 
be driven by stabilizing interactions between 
specifically spaced side chains. 

Zhou et al. have, in essence, applied the 
molecular biology and cell biology criteria to 
demonstrate that formation of the cross-fB 


32 1JULY 2022 + VOL 377 ISSUE 6601 


Cellular biology 


Neurodegeneration and neuro- 
inflammation are cardinal cellular 
in neurodegenerative 


Anatomical biology 


Stage I-ll 


Trans- 
entorhinal 
cortex 


Stage V-VI 


across the brain. 


tein TDP-43 (TAR DNA-binding protein 43). 
TDP-43 mutations cause amyotropic lateral 
sclerosis and frontotemporal dementia. The 
authors made 24 synthetic peptides, each of 
which put a methyl cap on a single-peptide 
backbone nitrogen atom, blocking its ability 
to form the interstrand hydrogen bonds of a 
8 sheet. By adding this modification across 
the predicted cross-8 sheet-forming region, 
they map the precise region that requires 
backbone hydrogen bonding and confirm 
that the labile cross-8 sheet structure medi- 
ates self-association. That removal of a single 
backbone hydrogen bond could disrupt the 
entire structure shows just how weak—and 
therefore dynamic and reversible—the self- 
association actually is. 

The authors go on to resolve how various 
low-complexity domain missense mutations 
in three different proteins are causative of 
several neurodegenerative diseases, showing 
that all of them add stability to their cog- 
nate structures in a manner understandable 
through the lens of structural biology. Noting 
that mutating Pro”? in the TDP-43 low-com- 
plexity domain to Gly, Ser, and Ala (proline 
has no free backbone N-H to form an inter- 
strand hydrogen bond; all other residues do) 


caused precipitation and stable fiber forma- 


Stage III-IV 


For example, neurodegeneration begins 
in the trans-entorhinal cortex in 
Alzheimer's disease and then spreads 


in heterogeneous nuclear ribo- 
nucleoprotein A2 (hnRNPA2), 
which cause Paget’s disease, are 
consistent with the model that 
cross-B sheet formation is im- 
portant for low-complexity do- 
main labile self-association. The 
results also suggest that making 
these dynamic structures too sta- 
ble—for example, when the stra- 
tegically placed proline residues 
that keep the structure labile 
are mutated—is pathogenic be- 
cause the dynamic assembly and 
disassembly of low-complexity 
domain proteins with their part- 
ners is essential for the normal 
function of the cell. Work such as 
that of Zhou et al., as well as by 
others, on protein aggregation has brought 
new rigor to understanding neurodegenera- 
tive diseases, and consequently, prospects for 
finding definitive causes and effective thera- 
pies are brighter. At least for some disorders, 
finding ways to maintain reversible phase 
separation of low-complexity domains now 
seems an attractive strategy. 
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VIEWPOINT: COVID-19 


The hiatus of the handshake 


Human contact has been altered in ways that may affect 
endemic infections for years to come 


By Kristin Nelson! and Ben Lopman'? 


he response to the COVID-19 pan- 
demic prompted abrupt and poten- 
tially lasting changes to human be- 
havior, including the types of direct 
contact that enable transmission of 
common pathogens. Although the 
handshake and other types of physical con- 
tact are gradually returning, they have been 
on an extended hiatus. Such changes have 
already altered the epidemiology of a broad 
range of infectious diseases, including in- 
fluenza, measles, and norovirus, and will 
likely continue to affect their age distribu- 
tion, severity, and typical seasonal patterns. 
Changes to contact patterns may also nudge 
the evolutionary trajectory of pathogens, 
as they adapt to new norms of less human 
contact. Initiatives to measure social con- 
tact patterns through time and track their 
effects on the epidemiology of endemic 
pathogens are essential to both manage the 
potential for resurgence of common infec- 
tions and to reenergize control efforts. 
There are two fundamental determi- 
nants of the dynamics of directly transmit- 
ted infectious diseases: the human contact 
that enables transmission and a pathogen’s 
biological natural history. Reductions in 
human contact that occurred during the 
COVID-19 pandemic have substantially 
affected patterns of circulation of other 
pathogens (see the figure). Reported inci- 
dence of most directly transmitted infec- 
tions fell to virtually zero in early 2020 
amid initial lockdown measures. Although 
these declines may have partially been due 
to gaps in reporting, they mostly reflect true 
reductions in disease incidence. As restric- 
tions were relaxed, circulation of certain 
infections resumed—in some cases, with 
shifted seasonal patterns—but they have yet 
to return to their pre-pandemic levels. 
Despite the widespread relaxation of non- 
pharmaceutical interventions, a return to 
pre-pandemic “normal” has yet to fully ma- 
terialize. Studies of specific populations in 
the US are consistent with those from gen- 
eral European populations, which report 
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contacts averaging less than five per day in 
early 2022—less than half of pre-pandemic 
levels (1-3). This reduction so far seems sus- 
tained, despite a return to workplaces and 
the resumption of in-person schooling, so- 
cial activities, and large gatherings. 

Not only are people interacting less, but 
where those interactions take place has 
shifted. The move toward increased remote 
work options has de-densified workplaces, 
reducing the number of contacts reported 
at work, and is likely to reduce the contri- 
bution of these settings to disease transmis- 
sion. By contrast, school-based contacts are 
likely to return to typical, pre-pandemic 
patterns (4). When they occur, interactions 
may be somewhat less likely to transmit 
infection than those that occurred prior 
to the pandemic. Data show that contacts 
are less likely to involve physical touch now 
than before the pandemic and that masking 
remains common: ~30% of the US popu- 
lation reports routinely masking at work, 
and ~25% of children are still masking at 
school (5). However, studies from other 
countries suggest that these measures are 
now less common, underscoring the need to 
better understand how behaviors differ by 
location (6). Although it is uncertain how 
long current levels of masking and physi- 
cal distancing will continue, the widespread 
normalization of this behavior suggests that 
they are likely to continue in some form, 
perhaps on public transport, in health care 
settings, and among people at high risk for 
severe respiratory illness. 

Even if these reductions in contact are 
modest, impacts on endemic diseases may 
be substantial. Many pathogens maintain a 
fine balance of endemic equilibrium; that is, 
with an effective reproduction number (the 
number of cases caused by an infection in a 
population with some immunity) close to 1. 
Lower contact rates mean reduced trans- 
mission and a disruption of this balance for 
the many pathogens that are transmitted 
directly from person to person. A near-com- 
plete return to pre-pandemic contact rates 
after 2 years could result in considerable 
changes to transmission dynamics. Some 
pathogens that confer lifelong immunity 
may resurge to higher than pre-pandemic 
levels after an extended period of low cir- 
culation, resulting from a buildup of sus- 
ceptible individuals, before settling into an 


endemic state at lower incidence. Other in- 
fections may display several years of altered 
seasonal patterns. Indeed, this is consistent 
with out-of-season respiratory syncytial vi- 
rus (RSV) epidemics already documented 
in summer 2021. For other infections, how- 
ever, it is likely that the current period of 
very low incidence may be followed by re- 
surgence, and historical data may provide 
insight into what to expect. 

For childhood infections that ceased to 
circulate among the youngest children over 
the past several years, first infections will 
occur at older ages and disease profiles for 
some may be less severe. For example, the 
generally lower severity of dehydrating di- 
arrhea in a 5-year-old compared with an 
infant under 1 year of age. But for some in- 
fections, such as varicella (chickenpox), dis- 
ease is more likely to be severe at older ages. 
The increasing severity of poliomyelitis in 
the US in the 1950s was most likely the 
result of improvements in sanitation that 
reduced environmental transmission and 
the risk of exposure at younger ages, which 
drove infections into older age groups in 
which paralysis is more common (7). 

For infections with strong seasonal pat- 
terns, persistently lower contact rates may 
shift the timing of peaks. For example, 
lower levels of transmission may result in a 
delayed peak of seasonal infections, result- 
ing in stresses on the health care system 
at new times of the year. Any intervention 
that reduces circulation of a pathogen may 
result in changes to its dynamics. For ex- 
ample, the introduction of rotavirus vac- 
cination—which protected vaccinated chil- 
dren and reduced transmission—in 2006 
reduced overall rotavirus incidence and has 
since perturbed seasonal patterns (8). 

Sustained changes in human contact may 
also have the potential to drive the evolu- 
tion of endemic pathogens. Those with 
high transmissibility, either because of a 
lower average infectious dose or a better 
survival profile outside the host, could have 
an increasingly strong evolutionary advan- 
tage. Alternatively, pathogens with more 
prolonged infectious periods that lead to 
more opportunities for transmission may 
also be more successful in a new normal 
defined by less human-to-human contact. 
Changes in the severity of endemic infec- 
tions due to evolutionary pressures may be 
harder to anticipate. The COVID-19 pan- 
demic underscores that the evolutionary 
trajectory of pathogens does not always 
follow predictable patterns. The emergence 
of the Delta severe acute respiratory syn- 
drome coronavirus 2 (SARS-CoV-2) variant, 
which was more severe than its precursor, 
Alpha, was closely followed by less-severe 
Omicron variants (9, 10), illustrating that 
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the evolution of virulence is not 
constrained in one direction. 
For pathogens that employ 
multiple routes of transmis- 
sion, variants that are transmit- 


The effects of reduced contact on diseases 
caused by endemic pathogens 


Weekly case reports of a selection of common pathogens in Germany are shown from 
January 2018 through May 2022 [source: SurvStat database (https://survstat.rki.de/)]. 


terpretation is critical because 
multiple factors are at play— 
key among them, changing 
health care seeking and test- 
ing practices, which can bias 
traditional surveillance data. 


ted via environmental routes, Rotavirus 
such as contaminated water, 2000 a Beginning of widespread 
a * a = = 4 $ A 
soil, or objects, might outcom- 1000 _ - social distancing in Germany =: — 


Nonetheless, combining robust 
case surveillance with genomic 


pete those that rely on direct 
contact. For example, geno- 
group 1 noroviruses, which 


data and phylogenetic analysis 
can provide signals of pathogen 
evolution and their potential 


are more often transmitted by 


impact on public health. 


food and water, may increase 


At its core, infectious disease 


in prevalence relative to geno- 
group 2 noroviruses, which 
are predominantly transmitted 


Cases 


epidemiology is the study of 
person, place, and time: who 
becomes sick, where infection 


through person-to-person con- 


and transmission occur, and 


tact (11). Notably, the incidence 


when disease incidence rises 


of enteric pathogens such as 
Salmonella, which transmit 
through routes that do not re- 


or falls. Substantial changes to 
human behavior in response to 
the COVID-19 pandemic stand 


quire direct person-to-person 


to affect all three, producing 


contact, were less affected by 


ripple effects for many endemic 


social distancing. In the most 
extreme scenario, fewer infec- 
tions may slow or even stop the 
evolution of endemic infections 
if the effective reproductive 
number is suppressed below 1 
for a sufficient amount of time. 
During the lull in influenza vi- 
rus circulation in the wake of 
the pandemic, the influenza B/ 
Yamagata lineage has virtually 
disappeared, leading to specu- 
lation that it has gone extinct 
(12). The current period of low 
incidence may also present a 
rare opportunity to eliminate 
local transmission of eradicable 
pathogens, such as measles. In these cases, 
redoubled vaccination efforts are also re- 
quired to overcome immunity gaps and 
temporary falls in vaccine coverage that oc- 
curred during the pandemic. 

To ascertain whether changes in social 
contact will be long-standing and broadly 
impactful on infectious disease epidemiol- 
ogy, two data streams are pertinent. The 
first is direct measurement of contact. 
Despite human contact being the proximate 
social determinant of infectious disease 
transmission, it is rarely measured in a way 
that ensures population representative- 
ness, and even more rarely, longitudinally. 
In Europe, the CoMix study has provided 
near-real time data during the pandemic 
through large, weekly online surveys on the 
number and nature of contacts (2), but no 
such data source exists for the US or many 
other countries. Notably, there is little to 
no data available from low- and middle- 
income countries, where the burden of 
many of these infections is highest, repre- 
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Accrual of susceptible people from reduced contact may 
cause resurgence, which is slower for illnesses against which 
populations have vaccine-induced protection. Pathogens for 
which the susceptible population is maintained by loss of 
immunity are less affected. Seasonal infections may display 
years of disrupted patterns. 
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senting a key data gap. Instead, data de- 
scribing contact patterns in specific groups 
(4, 13, 14) and proxies for social contact, 
including mobility data that is passively 
collected from mobile devices, has been 
heavily relied on. Geolocation data from 
mobile devices, which can be used to infer 
the proximity among people, may provide a 
more accurate accounting of social contact 
that is relevant for transmission risk (J5). 
However, such data lack information on the 
physicality of contact and whether masks 
were worn. 

The second data stream required to un- 
derstand how changing social contact af- 
fects disease epidemiology is case surveil- 
lance data, providing a direct measure of 
disease patterns and trends in the sizes and 
locations of outbreaks. A key metric to be 
monitored is the average age and severity 
of cases of a given infectious disease. Lower 
transmission, because of fewer potentially 
infectious contacts, will result in an older 
average age of cases. Of course, careful in- 
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diseases and upending the cur- 
rent understanding of their 
epidemiology. To adapt, modern 
surveillance activities should 
do more than count cases, it 
should include human _behav- 
ioral and pathogen genomic 
data to provide a rich picture of 
the changing epidemiology of 
endemic pathogens. The scien- 
tific community has spent the 
past 2 years characterizing the 
epidemiology of a novel infec- 
tion—it is time to ensure that 
disease surveillance systems will 
be ahead of more familiar foes. 
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Can rubrics combat gender 
bias in faculty hiring? 


Some bias persisted, but rubric use should be encouraged 


By Mary Blair-Loy’, Olga V. Mayorova’, 
Pamela C. Cosman’, Stephanie I. Fraley? 


esearch has documented the presence 

of bias against women in hiring, in- 

cluding in academic science, technol- 

ogy, engineering, and mathematics 

(STEM). Hiring rubrics (also called 

criterion checklists, decision sup- 
port tools, and evaluation tools) are widely 
recommended as a precise, cost-effective 
remedy to counteract hiring bias, despite a 
paucity of evidence that they actually work 
(see table S8). Our in-depth case study of ru- 
bric usage in faculty hiring in an academic 
engineering department in a very research- 
active university found that the rate of hir- 
ing women increased after the department 
deployed rubrics and used them to guide ho- 
listic discussions. Yet we also found evidence 
of substantial gender bias persisting in some 
rubric scoring categories and evaluators’ 
written comments. We do not recommend 
abandoning rubrics. Instead, we recom- 
mend a strategic and sociologically astute 
use of rubrics as a department self-study tool 
within the context of a holistic evaluation of 
semifinalist candidates. 

Although academic STEM aspires to be a 
meritocracy, its taken-for-granted cultural 
schemas of merit smuggle in biases (J), 
which contribute to a dearth of diversity 
that undermines scientific innovation and 
impact (see table S8). In academic engineer- 
ing, one of the most male-dominated STEM 
fields, on average 17.6% of engineering fac- 
ulty positions are held by women (2). Al- 
though the percent of women engineering 
doctorates increased from 15.8% in 2000 
to 24% in 2019 (3), these increases will not 
be matched by gains in the professoriate if 
women face unfair barriers at hiring. 

Academic policy-makers and EDI (eq- 
uity, diversity, and inclusion) specialists 
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strongly encourage rubric usage, in which 
faculty evaluators systematically rate each 
candidate on a set of previously agreed-on 
criteria. This process is believed to coun- 
teract the bias of individual evaluators by 
promoting slower, more deliberative, and 
analytical thinking and by focusing them 
on skill sets that directly affect job per- 
formance rather than on impressions and 
intuitions (4, 5). However, we are aware 
of only one study, conducted in a labora- 
tory setting, in which participants rated 
candidate summaries, which shows that 
agreeing on rubric criteria in advance re- 
duces evaluation bias (6). We are aware of 
no studies that analyze the effect of rubric 
use on bias in real-world hiring, in which 
actual evaluators assess voluminous can- 
didate files to make actual high-stakes 
decisions. Real-world case studies are im- 
portant because the effectiveness of inter- 
ventions depends on the social context and 
the identities of all involved (7). 

Despite this paucity of evidence, many 
fields have developed rubrics to standard- 
ize candidate assessment and have pro- 
moted rubrics as a best practice for EDI in 
hiring. In policy guides for academic hir- 
ing, several applied treatises and websites 
provide sample rubrics (see table S8) (5). A 
recent influential review of faculty hiring 
lists “mandatory use” of rubrics as one of 
the interventions that the authors “view as 
having the most promise for [university] in- 
stitutions seeking to improve inclusivity in 
hiring across disciplines” (4). 


CASE STUDY OF RUBRIC USAGE 

To help address this knowledge and policy 
gap, we developed an in-depth case study 
of an engineering department in a research- 
intensive (Carnegie classification Rl), 
highly ranked university. Like other Rls, 
this department strongly values research 
productivity when evaluating faculty can- 
didates (8). Like most academic engineer- 
ing departments, our case department was 
male dominated; women composed 18% of 
the faculty, which is close to the 17.6% na- 
tional average (2). 


Rubric usage and hiring patterns 

We started with a faculty candidate evalua- 
tion template from the University of Michi- 
gan STRIDE program (Strategies and Tactics 
for Recruiting to Improve Diversity and Ex- 
cellence), which is funded by the National 
Science Foundation (NSF). This template in- 
cludes widely accepted criteria for faculty at 
research-intensive universities (5). 

We worked with the department un- 
der study to adapt the template to fit its 
searches. Its rubric evaluated faculty candi- 
dates across six dimensions: research pro- 
ductivity, research impact, teaching ability, 
contributions to diversity, potential for col- 
laboration, and overall impression (see fig. 
Sl). Rubric scores ranged from excellent to 
poor for each evaluation category (we trans- 
lated these ratings into a numerical vari- 
able: excellent = 4, good = 3, neutral = 2, 
fair = 1, and poor = 0). Written commentary 
was also encouraged. 

Department faculty agreed to fill out the 
rubric as a tool in their evaluation of the 
semifinalist list compiled by the recruit- 
ment committee. In four faculty search cy- 
cles over four recent academic years, faculty 
used the rubric to evaluate written materials 
supporting applications of 62 semifinalists 
(32 women and 30 men; gender was self- 
reported by candidates in their application 
file). At the beginning of each faculty meet- 
ing that was focused on selecting finalists, a 
faculty member summarized and presented 
rubric scoring results and commentary, 
with evaluators anonymized, filtering out 
any inaccurate or off-topic content. 

Our analysis next compared the propor- 
tion of women hired during the 8-year pe- 
riod immediately before rubric use (which 
we refer to as “Phase One”) with the propor- 
tion hired during the four academic years of 
rubric use (“Phase Two”). Near the outset of 
Phase One, the campus implemented three 
EDI interventions: Faculty serving as equity 
advisers took on administrative oversight 
of shortlisted candidates, applicants’ “Con- 
tributions to Diversity Statements” (C2D) 
were added to application files, and equity 
advisers began giving diversity training to 
search committee members. Such training 
focused on evaluating C2D statements and 
an overview of research on implicit biases. 
Nonetheless, during Phase One, the depart- 
ment conducted eight searches and hired 
eight men and one woman. 

At the outset of Phase Two, the depart- 
ment introduced an additional intervention: 
rubrics used as described above. During 
Phase Two, the department conducted four 
faculty searches and hired three women 
and six men. The number of women hired 
increased from only one per nine hires in 
Phase One to three per nine hires in Phase 
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Two. The phase with the increased hiring of 
women coincides with the period when ru- 
brics were used. (We cannot fully attribute 
this increase to rubric utilization because 
unmeasured factors may also have changed.) 


Analysis of rubric scoring 

All 62 semifinalist candidates received ru- 
bric scores from 6 to 21 faculty, with a mean 
of 13.5 and a median of 12. There was no 
statistically significant gender difference in 
the number of scores received. 

Analysis of the rubric scoring patterns for 
men and women candidates revealed statis- 
tically significant differences in three of the 
six evaluation categories (see table S1.A): 
Women were scored lower than men in re- 
search productivity and research impact but 
higher than men in contributions to diver- 
sity. In the other categories, including the 
overall impression category, scores for men 
and women were not significantly different. 

To determine whether gender bias was 
incorporated into rubric scores, we analyzed 
the research productivity category because it 
can be most directly compared with external 
metrics. We chose two metrics calculated for 
the candidate’s application year. First, we tal- 
lied from candidate curricula vitae the num- 
ber of articles published (and confirmed this 
tally in the Web of Science database). Sec- 
ond, we pulled from the Web of Science the 
H-index, a dominant measure of researcher 
output that incorporates productivity and 
impact in a single number that can be com- 
pared across faculty of all seniority levels (9). 
We call research productivity, a rubric cat- 
egory that can be measured independently, a 
“calibration category” (see table S2, footnote). 


To test for gender bias, we constructed 
ordinary least squares (OLS) regression 
models to predict rubric scores of research 
productivity, controlling for the indepen- 
dently measured categories of seniority and 
number of articles or H-index (see table 
$2). We found that women candidates, on 
average, received statistically significantly 
lower productivity rubric scores than those 
of men, even after controlling for seniority 
(measured as number of years since PhD) 
and number of articles published [unstan- 
dardized B coefficient (B) = -0.36, P = 0.01] 
(see table S2, model 1). Similarly, women re- 
ceive significantly lower scores on average 
than men while controlling for seniority 
and H-index (B= -0.29, P< 09.05) (table S2, 
model 3). Thus, rubric scoring alone did not 
appear to fully mitigate gender bias. These 
findings mirror the gender bias detected 
in other academic peer-review processes 
(10, 11). Because the H-index itself has been 
found to incorporate bias against women 
(see table S8), our findings should be inter- 
preted as additional bias. 

Social psychology literature on double 
standards finds that among more junior 
candidates, women are often held to higher 
standards of competence than men in ways 
that sometimes change for candidates 
with more experience (72). We thus tested 
whether the effect of gender on rubric 
scores is contingent on the value of the ex- 
ternal metric (see table S2, models 2 and 4). 

Women’s productivity rubric scores are 
consistently below those of men who have 
the same number of articles and seniority 
(see the first figure, left). Women face an av- 
erage 0.36-point penalty, which remains the 


Indication of gender bias in rubric scores on research productivity 
Graphs show predicted values by gender from ordinary least squares regression models regressing rubric 
scores of research productivity on independent productivity metrics, controlling for seniority. n = 62 


semifinalist candidates (see table S2, models 1 and 4). 
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same across the range of number of articles 
published. (The rubric scores are mostly 
clustered at the middle to high portion of 
the scale, between 2 and 4; within this range, 
there is an approximately 18% penalty for be- 
ing a woman.) 

Yet when controlling for H-index and se- 
niority, the gender penalty is harshest among 
candidates with the lowest H-indices (see the 
first figure, right), who are disproportion- 
ately junior (see table S4, footnote). At the 
lowest tail of the H-index distribution, men 
receive research productivity rubric scores 
that are on average 0.7 points higher than 
the scores of women with the same seniority. 
At this end of the H-index distribution, the 
rubric scores are mostly clustered between 1 
and 3; for these candidates, there is an ap- 
proximately 35% penalty for being a woman. 

The gender difference in rubric scoring 
gradually decreases by about 0.01 point for 
each 1 point of H-index gained. Yet women 
do not catch up to men in how productive 
they are rated in the rubrics until reaching 
an H-index of 17.5, a productivity index well 
above the 12.8 average and achieved by only 
a handful of candidates. Because rubric 
scores for men and women in the overall 
impression category were not statistically 
significantly different (see table S1), evalu- 
ators may have combined category scores 
so that women’s higher average scores on 
contributions to diversity offset their lower 
average scores on productivity and impact. 


Content analysis of qualitative comments 
Next, we conducted what to our knowledge 
is the first content analysis of qualitative 
rubric comments in a real faculty search 
context. Candidates received written com- 
mentary alongside their rubric scores. An 
average of three and a maximum of nine 
evaluators wrote comments on each candi- 
date. The number of comments received did 
not differ by candidate gender. 

In our content analysis, we prepared a 
dataset of comments, in which candidate 
gender was concealed, by removing gender 
indicators such as pronouns. We then com- 
bined an inductive exploration for emergent 
themes with deductive searches for specific 
patterns found in previous literature on let- 
ters of recommendation. We conducted hand 
coding, which some research suggests is su- 
perior to computer-assisted coding for stud- 
ies such as ours with new analyses (13). 

Many comments contained evaluative 
notes on the quality, number, authorship 
order, or impact of the publications. Induc- 
tively, we coded these as either negative 
(for example, “some gaps in the pubs.” and 
“only one paper from a postdoc of three- 
plus years”) or positive (for example, “strong 
publication record, letters attest to research 
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output and collaboration”). We 
also searched deductively for the 
presence of two themes men- 
tioned in previous literature on 
other types of evaluation. One 


code is “standout” language 
(13, 14). Examples in the rubric Evaluators Process managers 
comments include “outstanding Work as agroup to determine ——] _,— Ensure that rubric includes a 


productivity and quality” and 
“probably the best [search spe- 


rubric categories and weights, 
in accordance with disciplinary 


Using rubrics for EDI hiring 
Recommended process for rubric use to improve ED! in faculty hiring. Steps 
1,3, and 6 are conducted by faculty evaluators while steps 2, 4, and 5 are 

conducted by faculty on the search committee with administrative support. 


calibration category, i.e., one that 
is independently quantifiable. 


POLICY TEMPLATE 

In light of our findings that 
gender bias remains endemic 
even in this seemingly objective 
evaluation process, it is vital that 
rubric usage be accompanied by 
strategic application in depart- 
mental meetings to counteract 
individual bias and check inter- 
actional bias during the discus- 


: ; : schemes of merit, to mitigate A= ‘ . 

cialty] candidate out there this evaluation bias. ‘— Compile and analyze rubric sion of candidates. Our results 

cycle.” The last code is “doubt 7 results, comparing calibration suggest that using rubrics ac- 

raisers” (15), when a seemingly Individually complete rubrics — 3 category scores to independent cording to this process frame- 
aie . for all candidates to mitigate metrics to detect any remaining ¢ fi ae 

positive or neutral comment is iaalitatuell isi aaainitaiwell nies work can improve diversity in 


accompanied by language that 
minimizes the accomplishment 
or raises concerns (for example, 
“several publications, but... some 


discussi 


Use findings to guide holistic — 
on of candidates, 

futher reducing individual 

bias and mitigating 


impact factors are very mod- 
est”). We turned these four codes 
into four dichotomous measures 
of the presence or absence of 
comments in each category. (See 
table S3 for details on coding methods, inter- 
coder reliability, dichotomous measure ratio- 
nale, and robustness check.) 

Candidate gender was subsequently un- 
masked, and the percentages of women and 
men who had received at least one posi- 
tive comment, negative comment, standout 
term, and doubt raiser were calculated (see 
table S3). We found that 86% of men but 
only 63% of women candidates received 
at least one positive comment. Men were 
half as likely to receive a negative comment 
(25%) compared with women (50%). Men 
were 3.5 times more likely to receive stand- 
out language (32%) compared with women 
(9%). A x’ test indicates statistically sig- 
nificant gender differences for these three 
variables. Thirteen percent of women and 
25% of men received a doubt-raising com- 
ment. This pattern was not expected, yet 
this gender difference is not statistically 
significant (see table $3). Overall, the gen- 
dered patterns in rubric quantitative scores 
align with the qualitative comments and 
with previous research on other evaluative 
language (13-15). 


Survey of faculty 

At the conclusion of Phase Two, we con- 
ducted an anonymous survey of department 
faculty, to which 56% of the professors re- 
sponded. Our check for selection bias in re- 
sponses revealed no statistically significant 
difference in the two indicators we have for 
respondents and nonrespondents: gender 
and tenure status (see table S6). Most re- 
ported that rubric usage helped them evalu- 
ate candidates in a more organized fashion 
(78%) and may have helped them be more 
objective (78%), potentially reducing indi- 
vidual bias (see fig. S2 and table S5). 
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independent metrics. 


At the beginning of the meeting to dis- 
cuss the semifinalist list and choose fi- 
nalists to invite for interviews, a faculty 
member presented rubric numeric scores 
and comments with the identity of the 
evaluators anonymized. It was explained 
to faculty that this step aimed to enable 
all viewpoints to be heard while avoiding 
first-speaker bias, in which initial speak- 
ers set the tone for discussion. However, 
faculty were not discouraged from making 
additional comments or claiming or echo- 
ing their support for particular comments 
after the presentation. Most survey re- 
spondents said that this practice prompted 
meeting attendees to focus on more objec- 
tive criteria (78%), improved the climate of 
the meeting (80%), and reduced the first 
speaker effect (67%) (see fig. $2). 

Additionally, some commented in open- 
ended survey responses that meeting time 
was used efficiently to quickly identify 
candidates with strong consensus and 
then spend more time on those with high 
variance in ratings [whom we determined 
were disproportionately women (see table 
$1.B)]. Taken together, these results suggest 
that beginning the faculty meeting with 
rubric results reduced interactional bias 
emergent in the faculty meeting. By open- 
ing with a neutral reading of the full set 
of both positive and negative rubric com- 
ments, the impact was blunted of any first 
speakers, often senior men, attempting to 
vociferously promote or shoot down a can- 
didate. The faculty meeting format may 
have mitigated gender bias in the research 
productivity scores and the selection of 
finalists; 47% of women semifinalists and 
37% of men semifinalists advanced to the 
finalist stage. 


Start the meeting of evalutors 
by presenting rubric results 
to mitigate first speaker bias, 
i noting high inter-evaluator 
variance and any large 
inconsistencies of scores with 


hiring. Thus, we recommend a 
strategic and sociologically as- 
tute use of rubrics as a depart- 
ment self-study tool within the 
context of a holistic evaluation 
of the short-listed candidates 
(see the second figure). 

We have studied this process 
with regard to gender. Given 
the otherwise limited diversity among can- 
didates in our study, we were unable to ad- 
dress whether rubrics could also be a tool to 
promote and check on the fairness of evalu- 
ations with regard to race/ethnicity or other 
minoritized identities. This suggests priori- 
ties for future research. 
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SCIENCE AND SOCIETY 


The digital citizen 


Two new books advocate for technological agency 


By Michael Neblo! and Avery White? 


any people initially regarded the 
radical ideas espoused by Charles 
Darwin about evolution and Henry 
Ford about automation technology 
as threats to what was understood 
to be, respectively, humankind’s 
proper place in the world and dignified work. 
By adjusting our ideas and practices, how- 
ever, we have (mostly) been able to reconcile 
ourselves to the upheavals wrought by the 
evolutionary worldview and the economics 
of industrial automation. Two new books, Ro 
Khanna’s Dignity in a Digital Age and Jamie 
Susskind’s The Digital Republic, aim to help 
today’s society adapt to the social, economic, 
and political upheavals underway as a result 
of rapid changes in digital technology. 
Khanna—a US congressman whose dis- 
trict includes Silicon Valley—synthesizes a 
remarkable range of philosophy, economics, 
tech knowledge, and savvy politics in his plan 
to reduce economic inequality (part I) and 
partisan polarization (part II), while preserv- 
ing people’s ability to establish and maintain 
roots in the communities of their choice. He 
argues that people in regions without access 
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to high-paying tech jobs often face a real (but 
ultimately unnecessary) choice between aban- 
doning their communities and foregoing the 
work and wealth afforded by the tech industry. 
The indignity of that choice, and the resulting 
economic inequality, drive much of the recent 
increase in political polarization, he main- 
tains. This process is further catalyzed by the 
often insidious effects that social media itself 
has had on our political discourse. 
He proposes instead a policy to 
decentralize the tech industry geo- 
graphically and an “Internet Bill of 
Rights” incentivizing industry to 
promote healthy public discourse. 
Khanna’s vision sometimes gets 
lost in the litany of proposals he 
puts forward, but the insight it of- 
fers is potentially profound. 


Dignity in a Digital Age 


Tech jobs performed on large corporate campuses 
like Apple’s should be decentralized, argues Khanna. 


Although it comes with a “parsimony” 
caveat, Susskind’s “digital republicanism” in- 
verts traditional concerns about state power. 
The primary threat to be contained, in his 
view, emanates from private industry, and 
democratically guided state action is neces- 
sary to curtail it. 

The private power held by the technology 
sector is all the more insidious because it of- 
ten operates covertly, argues Susskind. Coding 
practices can produce relations of domination, 
for example, even when coders act in good 
faith. Even potential coercion, he maintains, is 
a serious problem—it is not enough to rely on 
the goodwill of individuals in the tech sector 
or on market discipline. We must build institu- 
tions that afford democratic citizens a robust 
say in the forces that affect them. 

Susskind’s thesis is thus more general than 
Khanna’, and his policy proposals are appli- 
cable beyond the United States. His book in- 
cludes an entire chapter defending an inter- 
nationalist component of his approach. But 
reading these two books together further en- 
hances the value of each. While Khanna links 
our private lives as workers and our public 
lives as citizens, he offers more detailed policy 
proposals related to the former. Susskind’s 
proposals, meanwhile, tend to emphasize 
changes that might be put in place on the pub- 
lic side. The two books provide a full picture of 
what it would mean to govern technology well. 

It is also worthwhile to consider more 
radical notions of digital spaces. In his re- 
cent book, Reality+, for example, philosopher 
David Chalmers argues that virtual entities 
are no less real for being digital. If we accept 
this as true, we should regard such spaces as 
new venues in which to live a good 
life, rather than as distractions 
from the “real” world. 

Khanna rightly values an in- 
dividual’s ability to establish and 
maintain roots in a particular 
place. His strictly physical inter- 
pretation of “place,” however, un- 
dervalues the ways virtual spaces 
enable experiments in living that 


Ro Khanna 
Dignity plays a different role for Simon & Schuster, keep liberal democracies robust 
Susskind, who titles his opening 2022. 368 pp. and vibrant. Similarly, Susskind 


chapter “The Indignant Spirit.” He 
grounds his thesis in the “republi- 


can” tradition of political philoso- wwe 


phy, which emphasizes avoiding 
subjection to the arbitrary power 
of others. Citizens become indig- 
nant when they are subject to 
governmental or private power, he 
argues, and should feel the same 
when big tech similarly encroaches 
on their freedom. 
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REPUBLIC 


The Digital Republic 
Jamie Susskind 
Pegasus, 2022. 304 pp. 


rightly emphasizes the need to 
avoid technological domination, 
but, at times, his position de- 
emphasizes positive human 
agency—the power to experiment 
with different ways of living. Efforts 
to govern the tech industry should 
also promote technology’s power 
to enable previously undiscovered 
ways to live lives of dignity. = 
10.1126/science.abq6958 
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BIOCHEMISTRY 


Bringing inanimate matter to life 


A biochemist probes the origins and vital nature of the Krebs cycle 


By Joseph Moran 


he incredible scientific advances cen- 

tered around DNA, RNA, and pro- 

teins have left many people with the 

impression that the essence of life is 

found in genetic information. Yet a 

cell that died seconds ago contains 
the same genes that it did moments earlier, 
suggesting that there are other processes 
at play that bring the inanimate to life. In 
his latest book, Transformer, biochemist 
Nick Lane reminds readers in accessible 
prose that it is life’s dynamic chemistry, its 
metabolism, that draws inanimate matter 
into the living state and 
back again. As Lane puts 
it, metabolism is not just 
“what keeps us alive—it is 
what being alive is.” 

The main hero of the 
book is the Krebs cycle, a 
sequence of chemical reac- 
tions that most of us were 
taught releases energy from 
molecules obtained from the 
breakdown of sugars or fats, 
expelling CO, as a waste 
product. However, Lane 
points out that this perspec- 
tive obscures this vital pro- 
cess’s place at the heart of all 
biology and life itself. 

Few laypeople know that 
the Krebs cycle can run in 
reverse, fixing CO, and hy- 
drogen gas to produce all 
the key building blocks of 
biochemistry—a process as 
natural and thermodynam- 
ically favored as water flow- 
ing downhill. Some versions of this reverse 
Krebs cycle contain a feedback loop that 
amplifies the quantity of its own chemical 
constituents. Rather than simply being an 
engine for the synthesis of the molecules 
of life, it may thus be more accurate to say 
that life is what one can make from the 
Krebs cycle. 

Lane begins by taking readers on a thrill- 
ing tour of the remarkable stories behind the 
discoveries of some of life’s key metabolic 
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pathways and mechanisms. He lays bare the 
human side of science, telling of pioneering 
biochemists such as Frederick Gowland Hop- 
kins, Peter Mitchell, Jennifer Moyle, Melvin 
Calvin, Andrew Benson, and others caught 
up in intellectual battles with larger-than- 
life personalities and nearly thwarted by the 
whims of political currents and (un)fortun- 
ate timing. Lane does not feed readers the 
textbook story, instead wading through the 
messy process of discovery and the debates 
that predated the modern consensus over 
how the central metabolic pathways work. 
The reader next learns how chemical 
forerunners to these biological pathways 


Hydrothermal vents like this one may have facilitated early biochemical processes. 


likely gave rise to life. Experiments from 
my own lab and conducted by others are 
now starting to support such ideas (1). 
Lane and others, such as Jack Corliss, 
Ginter Wachtershauser, Mike Russell, and 
Bill Martin, speculate that deep-sea hydro- 
thermal vents were life’s birthplace. Some 
of these researchers argue that a primitive 
form of the Krebs cycle led to the first liv- 
ing systems and that the cycle may have 
initially run in the reverse direction. The 
proton gradients between the inorganic 
membranes found within these vents may 
have been key to promoting the chemistry 
of life, argues Lane. 


Transformer: 

The Deep Chemistry 
of Life and Death 
Nick Lane 

Norton, 2022. 400 pp. 


Moving on to early life, Lane reasons that 
many of the key evolutionary transitions 
in deep time can be understood by consid- 
ering how geological changes or biological 
innovations affected the Krebs cycle. Subse- 
quent chapters paint a fresh perspective on 
the centrality of the Krebs cycle to disease, 
aging, and even what it means to be an indi- 
vidual. Some of these ideas 
are undoubtedly speculative 
but are undeniably stimulat- 
ing—the mark of good popu- 
lar science writing. 

Biased by my own inter- 
est in the chemical origins 
of metabolism, I found my- 
self riveted, especially by the 
first half of the book. Lane 
does a masterful job of ex- 
plaining the needed chem- 
istry in plain language, but I 
suspect that readers without 
such a background will find 
themselves flipping back in 
places to refresh their mem- 
ories on chemical names. 
In a few spots, I could not 
tell which ideas came from 
other researchers and which 
were Lane’s—a literary tac- 
tic, I presume, to keep things 
straightforward. Those who 
want to know to whom each 
theory and discovery is at- 
tributed can peruse the more than 60 pages 
of annotated references that cap the book. 

But these are minor quibbles. With 
Transformer, Lane has managed to write 
a book about the Krebs cycle that jumps 
fresh off the page, overturning any residual 
antipathy for biochemistry one might still 
be holding on to from his or her student 
days. The book brings to life the chemistry 
that brings us to life. 
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NEURODEVELOPMENT 


A model for dendrite branching 


ighly complex branched dendritic arbors allow neurons to integrate many inputs, but it 

has been difficult to analyze how such variable structures form. Shree et al. combined 

live imaging of the dendrites of sensory neurons in Drosophila larvae with computa- 

tional modeling to derive the rules that drive their development. A model in which the 

tips of dendrites randomly switch between growing, shrinking, and pausing can repro- 
duce the observed patterns of growth. The model also reveals the importance of branching 
for increasing the size of dendritic trees and identifies properties that may give different 
types of neurons their morphologies. —JET Sci. Adv. 10.1126/sciadv.abn0080 (2022). 


Fluorescence microscopy image of a fruit fly larva revealing the 
branching patterns of sensory neuron dendrites 


EVOLUTION 
From one mutation, 
many effects 


New mutations introduce 
genetic variation into a popula- 
tion, and if the genetic changes 
persist, they can provide 

raw material for evolution- 

ary change. Pleiotropy, or the 
number of traits altered by a 
mutation, is often assumed 

to affect the probability that a 
mutation survives the test of 
time. Vande Zande et al. now 
provide a framework with which 
to test such assumptions by 
empirically determining and 
comparing the pleiotropic 
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effects of cis- and trans-reg- 
ulatory mutations affecting 
expression of the TDH3 gene in 
yeast. They found that trans- 
regulatory mutations do indeed 
have more pleiotropic effects 
and are more deleterious. — 
LMZ and DJ 

Science, abj7185, this issue p. 105 


NUTRIENT METABOLISM 
Leucine sensing 
in the zone 


Leucine is an essential amino 
acid that plays an important 
role in a variety of metabolic 
processes, including both 


physiological ones such as insu- 
lin secretion and pathological 
ones involved in the metabolic 
syndrome. mTORC1 is a key pro- 
tein that is also involved in many 
aspects of metabolism and 
senses leucine through proteins 
called sestrins. Some aspects 

of this signaling pathway were 
previously observed in cultured 
cells, but now Cangelosi et al. 
have identified what happens in 
vivo ina mammal. The authors 
clarified the signaling steps 
involved in mTORC1 sensing 

of leucine through sestrins in 
mice and determined that the 
regulation of this pathway varies 
between different zones within 


the liver based on proximity to 
blood vessels. —YN 
Science, abi9547, this issue p. 47 


NANOMATERIALS 
Trapping and 
recovering organics 


Hydrogels consist of cross- 
linked organic polymers that 
can swell to hold up to 90% 
water, making them useful as 
absorbents and for tissue engi- 
neering. Zhang et al. synthesized 
inorganic nanowires from poly- 
oxometalates, calcium ions, and 
oleylamine and found that these 
nanowires readily formed three- 
dimensional networks. The 
networks swell when exposed to 
arange of volatile organic com- 
pounds added at fractions even 
below 1% to form organogels. 
The gels are stable to physical 
squeezing without a substan- 
tial loss of liquid. However, the 
liquids can be recovered using 
distillation and centrifuga- 
tion, and the nanowires can be 
reused, making possible the 
trapping and recovery of organic 
solvents. —MSL 

Science, abm7574, this issue p. 100 


HUMAN GENOMICS 
Human migrations 
into Micronesia 


The movements of ancient 
humans can be difficult to ascer- 
tain from their current population 
genetic structure. Studying the 
peopling of the Micronesian 
islands, Liu et al. examined 164 
ancient human remains from five 
different archaeological sites in 
remote Oceania from different 
prehistoric time frames, along 
with 112 present-day individuals 
from the same area. They com- 
bined these new data with the 
results of previous studies and 
also compared their results with 
linguistic studies. Their analysis 
revealed successive movements 
from island Southeast Asia that 
differ from those in the southwest 
Pacific. Furthermore, co-analysis 
of Micronesian and southwest 
Pacific ancient DNA indicates that 
the first people who colonized the 
Pacific islands had a population 
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structure in which men moved to 

find their mates, whereas women 

rarely moved to join men. —LMZ 
Science, abm6536, this issue p. 72 


PHYSIOLOGY 
Balancing liver repair 
and regeneration 


The related cytokines transform- 
ing growth factor-B (TGF-f) 
and bone morphogenic protein 
(BMP) can exert protective 
or detrimental effects during 
iver injury. Stavropoulos et al. 
investigated the contributions 
of the TGF-8 and BMP pathways 
in the response to acetamin- 
ophen-induced liver injury in 
reporter-expressing mice. Both 
pathways were induced near 
areas of necrosis in hepatocytes 
that also showed an increase 
in autophagy, and both path- 
ways were required to stimulate 
autophagy. Although inhibiting 
signaling through both pathways 
initially worsened the damage, 
it ultimately accelerated tissue 
regeneration and recovery. -AMV 
Sci. Signal. 15, eabn4395 (2022). 


PALEOCLIMATE 
Warmer than realized 


Past climates may hold impor- 
tant clues about how the planet 
might respond to ongoing 
climate warming. Meckler et al. 
use clumped isotope thermom- 
etry on benthic foraminifera to 
reinterpret the record of the deep 


Fossil foraminifera, seen here with scanning electron microscopy, can be analyzed 


ocean temperature over the past 
65 million years. They found that 
deep ocean temperatures were 
generally higher and more vari- 
able than earlier work suggests. 
Their results have implications 
for our understanding of deep 
sea temperature responses to 
atmospheric carbon dioxide con- 
centrations, climate sensitivity, 
and ocean structure during times 
of minimal continental ice. —HJS 
Science, abk0604, this issue p. 86 


NEUROSCIENCE 
Microglia can cause 
chronic pain 


Peripheral nerve injury leads to 
long-lasting pain hypersensitivity. 
Treatment of chronic pain contin- 
ues to be unsatisfactory because 
we still don’t fully understand the 
underlying processes. Tansley et 
al. discovered a new mechanism 
by which peripheral nerve injury 
causes pain. A subpopulation of 
projection neurons in the spinal 
cord dorsal horn that are critical 
for transmission of pain signals 
to the brain, but not other cell 
types in superficial dorsal horn, 
are selectively surrounded by 
specialized extracellular matrix 
structures called perineuronal 
nets. Nerve injury—activated 
microglia degrade perineuronal 
nets around projection neurons, 
which increases projection 
neuron activity, subsequently 
causing pain. —PRS 

Science, abl6773, this issue p. 80 


to determine the ocean temperature millions of years ago. 
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VISION 


“= hos j 
enable nimble fli 
irds analyze optic flo 
pathways in the midb 


homologous components in th 

Smyth et al. have found unanticipated diversi 

among birds in this visual pathway. For insta 
in flight maneuvers, pigeons are a lumbering bus 
compared with the zebrafinch and the hummingb 
Finches may be nimble, but hummingbirds outsh 
them in their ability to hover and dart rapidly with 


eir visual syste’ 


breathtaking changes in speed and direction. The 
authors found that hummingbird neurons preferred 
faster stimuli than did zebrafinch or pigeon neurons. 
Such differences in how birds’ neurons are tuned to 
perceive motion may reflect the behaviors of the birds. 
The sensitivities of the hummingbird neurons may 
convey a greater ability to interpret the large, rapidly 


SIGNAL TRANSDUCTION 
Signaling the 
bacterial vote 


Quorum sensing, the mecha- 
nism by which bacteria monitor 
the size of their population by 
responding to signaling mol- 
ecules (autoinducers) produced 
by individual cells, may resemble 
more of a community vote than 
a simple count of the number of 
bacteria. Bettenworth et al. found 
that the bacterium Sinorhizobium 
meliloti produces Sinl, the 
enzyme that makes its autoin- 
ducer (a homoserine lactone), in 
a stochastic, pulsatile manner. 
The Sin regulatory system acts 
as a probabilistic switch that 
activates relatively rarely but is 
influenced by the cell’s response 
to physiological cues such as 
growth conditions, which can 
change the pulse frequency. 

A quorum-sensing response 
occurs, depending on the 


he visual system of the adult Anna’ 
gbird, Calypte anna (a male is shown her 
e tuned to their specific flight behavior. 


moving retinal images that would arise as the bird darts 
dd hovers around nearby object: 
g on flowers. —PJH Curr. B 


r example, when 
, 2772 (2022). 


combined contribution of bacte- 

rial cells to the common pool of 

autoinducer molecules. —LBR 
Nat. Commun. 13,2772 (2022). 


ELECTROCHEMISTRY 
Toward CO,-free 
ammonia synthesis 


Lithium-mediated electrochemi- 
cal ammonia synthesis (LIMEAS) 
is thought to be a promising 
alternative to the traditional 
thermochemical Haber-Bosch 
process because it can operate 
at ambient temperature and 
pressure conditions and without 
CO, emissions. However, little 

is known about its complex 
mechanism. Using standardized 
high-resolution gas chromatog- 
raphy—mass spectrometry and 
nuclear magnetic resonance 
imaging, Sazinas et al. analyzed 
the stabilizing effect of oxygen 
in LIMEAS. They determined the 
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optimal amount of oxygen to 
enhance the chemical stability 

of the system and reported the 
underlying mechanism. This 
work is potentially an important 
step toward a more efficient and 
stable LIMEAS process. —YS 

J. Phys. Chem. Lett. 13, 4605 (2022). 


SOCIAL INEQUITY 
Justice, housing 
and health 


Social inequities that place 
women and racially marginalized 
renters at disproportionate risk 
for evictions are associated with 
HIV risk. However, there are no 
longitudinal studies that identify 
the pathways through which evic- 
tions affect sexual partnerships 
that raise HIV risk. Analyzing 
participants from the longitudi- 
nal Justice, Housing and Health 
Study that were HIV-negative at 
baseline, Groves et al. found that 
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participants who had experienced 
alandlord-related forced move 
later reported higher levels of 
intimate partner violence (IPV) in 
their sexual relationships during a 
6-month follow-up. Furthermore, 
higher IPV levels were associated 
with behaviors that increased HIV 
risk (e.g., unprotected or transac- 
tional sex). Policy makers should 
take note of the results of this 
study because they reveal how 
eviction can also affect health by 
altering the dynamics of sexual 
partnerships. —EEU 


Soc. Sci. Med.305,115030 (2022). 


NEUROSCIENCE 
Emotional arousal 
promotes memory 


Emotional arousal induces 
noradrenergic activation of the 
basolateral amygdala, which 
promotes long-term information 
storage in other brain regions. 


The anterior and posterior insular 
cortex are involved in various 
forms of recognition memory. 
After examining basolateral 
amygdala projections to the insu- 
lar cortex, Chen et al. found that 
the basolateral amygdala sends 
dense monosynaptic projections 
to the anterior insular cortex 
and only sparse projections to 
the posterior insular cortex. 
Memory-enhancing norepineph- 
rine administration selectively 
reduced neuronal activity within 
the anterior insular cortex during 
the postlearning consolidation 
period but not in the posterior 
insular cortex. Inhibition of the 
anterior insular cortex enhances 
the consolidation of memory, 
protecting it by disrupting 
attentional reorienting toward 
new stimuli and thus promoting 
ongoing long-term memory stor- 
age. —PRS 

Proc. Natl. Acad. Sci. U.S.A. 


119, e2203680119 (2022). 


POLITICAL SCIENCE 
Awidening 
ideological gap 
Using three unique decade-long 
surveys, Jessee et al. examined 
the ideological positioning 
of the Supreme Court of the 
United States (SCOTUS) and 
the perception of the Court by 
the US public. The authors show 
that SCOTUS has become much 
more conservative on key policy 
issues relative to the general 
public since 2020. Furthermore, 
although the US public has 
adjusted their perception of the 
ideological shift within SCOTUS, 
this adjustment on average is 
less than the actual shift. The 
researchers also found that the 
respondents’ perception of the 
SCOTUS ideology relative to 
their own was correlated with 
their support for institutional 
changes, but with noticeable 
differences between those 
who identified as Democrats 
versus those who identified as 
Republicans. —YY 

Proc. Nat. Acad. Sci, U.S.A. 119, 

€2120284119 (2022). 


PEROVSKITES 
Examining edge states 


The layered halide perovskites 
(LHPs) that are used in solar cells 
can undergo strain relaxation 
through surface reorganization 
and form lower-energy edge 
states (ESs) with higher charge 
carrier lifetimes and lower emis- 
sion energies. Qin et al. showed 
that a family of two-dimensional 
Ruddlesden-Popper LHPs formed 
PbBr, octahedra rotated at the 
crystal layer edges. These dan- 
gling octahedra were the origin of 
localized, lower-energy ESs that 
helped to transport electrons out 
of the interior. The population 
of electrons in both the interior 
states and ESs could be con- 
trolled with external electric fields. 
Phonons activated by the dan- 
gling octahedra interacted with 
electrons and helped to facilitate 
radiative recombination, unlike 
midgap states in conventional 
semiconductors, which normally 
quench luminescence. —PDS 
Adv. Mater. 10.1002/ 
adma.202201666 (2022). 
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GUT PHYSIOLOGY 
Regulating the 
redox swamp 


The diversity and abundance 
of organisms that live in the 
human gut are well known. We 
also have some idea of associa- 
tions between microbial taxa and 
host disease, but we have failed 
to consistently translate this 
understanding into therapeutic 
options. Redox reactions, which 
are governed by the availability 
of respiratory electron accep- 
tors, are the drivers of bacterial 
community composition. Lee et 
al. reviewed the literature on bac- 
terial colonization of regions of 
the gut and concluded that colo- 
nization is primarily regulated 
by host physiology controlling 
electron acceptor availability 
rather than by microbial activity. 
Although diet shapes microbiota 
composition, its effects are 
largely mediated by its effect on 
host homeostasis. Intervening 
with host gut physiology could 
thus offer a more tractable route 
to translational solutions for gut 
dysbiosis than trying to manipu- 
late the microbiota. —CA 

Science, abp9960, this issue p. 44 


NEUROGENOMIC IMAGING 
Mouse and human cortex 
cell comparisons 


Studies of specific cellular types 
and their molecular phenotype 
in the cortex have been espe- 
cially difficult in humans. Fang et 
al. applied an imaging technique 
called MERFISH to 4000 gene 
transcripts to identify the spatial 
distributions of cell types within 
the human and mouse cortex. 
From this survey, they identified 
cell-type-specific association 
patterns that differed between 
the mouse and human brain. 
They found that humans have 
more specific neurons than 
mice, and that these cells have 
greater proximity to and interac- 
tions with similar neuronal cell 
types. Studying receptor-ligand 
pairs, the authors identified likely 


43-B 


contacts between neurons and 
microglia, which may explain 
why certain genes are associ- 
ated with neurodegenerative 
diseases. —LMZ and PJH 

Science, abm1741, this issue p. 56 


NEUROSCIENCE 
Sleep as a response 
to stress 


Stress-induced sleep has 
been hypothesized to dampen 
stress responses and to help 
mental processing of the 
stressful events. However, the 
mechanisms underlying these 
phenomena are not understood. 
Yu et al. discovered a specific 
circuit in the mouse midbrain 
dedicated to detecting stress 
and inducing restorative sleep 
(see the Perspective by Joéls 
and de Kloet). A subset of 
specialized neurons receive 
stress inputs and induce rapid 
eye movement (REM) and 
non-REM sleep through the 
lateral hypothalamus. Transient 
stress enhanced the activity of 
these neurons for several hours. 
Stress-induced sleep gener- 
ated by this pathway alleviated 
stress levels and mitigated 
stress-induced anxiety, restor- 
ing mental and body functions. 
Sleep after stress can thus 
profoundly reduce the chronic 
stress response. —PRS 

Science, abn0853, this issue p. 63; 

see alSo adc9782, p. 28 


NATURAL HAZARDS 
Going on the lamb 


The Hunga Tonga undersea 
volcanic eruption was one of the 
most powerful ever recorded, 
with audible sound detected 
more than 10,000 kilometers 
from the source. Matoza et al. 
present infrasound and seismic 
recordings, along with other 
geophysical observations, that 
help to describe this event. An 
atmospheric lamb wave, charac- 
teristic of energetic atmospheric 
events, circled the planet four 
times and was similar to the 
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1883 Krakatau eruption. Kubota 
et al. detail how this lamb 
wave contributed to the global 
tsunami waves arriving much 
earlier than expected. The erup- 
tion also generated long-range 
infrasounds and ionospheric 
interations, along with a global 
tsunami. This set of observations 
will be helpful for disentangling 
the event and understanding the 
propagation of waves through 
the atmosphere and ocean (see 
the Perspective by Brodsky and 
Lay). —BG 
Science, abo4364, abo7063, 
this issue p. 91, p.95; 
see also abq5392, p. 30 


MUSCULAR DYSTROPHY 
Macrophages modulate 
muscular dystrophy 


The role of resident macro- 
phages in skeletal muscle 
regeneration after injury has 
previously been difficult to 
study. Babaeijandaghi et al. 

used parabiosis, lineage tracing, 
and single-cell RNA-sequencing 
experiments to identify a popula- 
tion of self-renewing resident 
macrophages that were found to 
clear damage-induced apoptotic 
cells early after muscle injury. 

In a mouse model of Duchenne 
muscular dystrophy, depletion 

of macrophages through long- 
term colony-stimulating factor 
lreceptor (CSF1R) inhibition 
resulted in a shift in muscle 

fiber composition toward more 
glycolytic-oxidative fibers that 
were protective against con- 
traction-induced injury. These 
findings highlight the contribu- 
tion of resident macrophages to 
skeletal muscle regeneration and 
suggest a role for CSF1R inhibi- 
tion in the treatment of muscular 
dystrophies. —MN 

Sci. Trans!. Med. 14, eabg7504 (2022). 


CORONAVIRUS 
Anew normal? 


The implementation of non- 
pharmaceutical interventions 


to mitigate the transmission 
of severe acute respiratory 
syndrome coronavirus 2 (SARS- 
CoV-2) has also affected the 
transmission and epidemiology 
of various other endemic infec- 
tious diseases that are spread 
from person to person. Because 
human contacts remain different 
from what they were before the 
COVID-19 pandemic, it is possible 
that these endemic diseases 
may also adapt to changes in 
social contacts. This may result in 
changes in seasonality, and other 
infections may become less or 
more severe as susceptible age 
groups change. In a Perspective, 
Nelson and Lopman discuss 
the impacts of reduced social 
contacts on the transmission of 
endemic infectious diseases and 
whether there is an opportunity to 
eradicate them altogether. -GKA 
Science, abp9316, this issue p. 33 


BIOCHEMISTRY 
Keeping things dynamic 


Many proteins contain domains 
that do not adopt a stable folded 
structure but are involved in 
protein function, sometimes 
through self-association that 
can drive the formation of 
phase-separated structures 
inside cells. These regions are 
known as low-complexity (LC) 
domains because they are 
composed of only a few different 
types of amino acids. Zhou et 
al. show that the LC domain 
of the RNA-binding protein 
TDP-43 associates transiently 
through a labile structure, and 
this behavior is required for 
phase separation, which is key 
to its normal role of organizing 
mRNA (see the Perspective by 
Petsko and Small). Mutation 
of a proline in the LC domain 
caused aggregation by stabiliz- 
ing the labile structure. In three 
other proteins, proline mutations 
linked to neuronal diseases were 
shown to similarly enhance the 
stability of self-association of LC 
domains. —VV 

Science, abn5582, this issue p. 46; 

see also adc9969, p. 31 
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GENE REGULATION 
HoxA synthetic regulatory 
reconstitution 


Regulatory inputs from many 
elements are integrated across 
large genomic windows to 
control mammalian gene expres- 
sion. Despite advances in gene 
editing, generating combinato- 
rial variant alleles to precisely 
measure the contribution of 
each input remains challeng- 
ing. Inspired by the bottom-up 
approaches of synthetic biology 
and biochemical reconstitution, 
Pinglay et al. have established a 
“synthetic regulatory reconstitu- 
tion” framework for the study of 
gene regulation. They leveraged 
advances in large DNA construct 
synthesis and cell differentiation 
to dissect the relative contribu- 
tions of the many mechanisms 
controlling mammalian Hox gene 
expression. This study opens the 
door to similar analyses of other 
loci in any genome. —BAP and 
SMH 

Science, abk2820, this issue p. 45 


PALEOCLIMATE 


Crustal effects on climate 
Why was the long-term global 
cooling trend of the Cenozoic 
interrupted by a several-million- 
year interval of warming during 
the middle of the Miocene? 
Herbert et al. present a recon- 
struction of global ocean crustal 
production to show that tectonic 
degassing of carbon can account 
for most of the long-term ice 
sheet and global temperature 
evolution for the past 20 million 
years (see the Perspective by 
von der Heydt). These results 
provide further support for the 
idea that sea floor spreading 
rates can control global changes 
in climate. —HJS 

Science, abl4353, this issue p. 116; 

see also abq6542, p.28 


CANCER IMMUNOLOGY 
Deleterious release 


The secretion of senescence- 
associated secretory phenotype 
(SASP) factors by senescent 
hepatic stellate cells promotes 
the development of hepatocel- 
lular carcinoma (HCC), but the 


SCIENCE science.org 


release mechanism is not well 
understood. Yamagishi et al. used 
an obesity-induced HCC mouse 
model to study SASP factor 
release from hepatic stellate cells 
within tumors. Interleukin-33 
(IL-33) release was triggered by 
lipoteichoic acid, which accumu- 
lated in the livers of obese mice. 
Full-length IL-33 was cleaved into 
its short, active form and released 
into the tumor microenvironment 
through gasdermin D N-terminal 
pores. Secreted IL-33 bound to 
ST2* regulatory T cells, result- 
ing in impaired CD8*-mediated 
antitumor immunity and the 
development of HCC. These 
findings shed light on SASP factor 
release and suggest that targeting 
IL-33 release from senescent cells 
may be an attractive therapy for 
HCC. —HMI 

Sci. Immunol. 7, eabl7209 (2022). 


GPCR SIGNALING 
Cholesterol’s spot in 
chemokine receptors 


The activation of many G pro- 
tein—coupled receptors (GPCRs) 
is allosterically modulated by 
endogenous lipid molecules, 
including cholesterol; however, 
the corresponding molecular 
mechanisms remain elusive. 
Using cryo—electron microscopy, 
Lu et al. determined apo- and 
igand-bound structures of the 
signaling complex between a 
chemokine receptor, a repre- 
sentative of the CX3C subfamily, 
and its cognate G, protein. A 
distinct activation mode of the 
receptor was identified, along 
with three cholesterol molecules 
that stabilize the active receptor 
conformation and modulate sig- 
naling. Structural features of both 
receptor and ligand were found 
to define selectivity, in contrast to 
the largely promiscuous interac- 
tions between most chemokine 
receptors and chemokines. —VC 
Sci. Adv. 10.1126/ 
sciadv.abn8048 (2022). 


BIOMEDICINE 
Cooling away the pain 


After injury due to an accident 
or medical procedure, various 
forms of pain relief may be 


required. These can include 
analgesic medications or local 
injections to dull the pain 
receptors, but may also be as 
simple as applying something 
cold to the location causing the 
pain, such as ice packs for sore 
or bruised joints or muscles. 
Reeder et al. developed a soft, 
miniaturized, implantable cooler 
to temporarily block nerve 
conduction using a liquid-to- 
gas phase transition as the 
cooling mechanism (see the 
Perspective by Jiang and Hong). 
They borrowed the design 
of electrical nerve cuff and 
substituted electrical wires with 
a microfluidic channel carrying 
a microliter volume of bioinert 
coolant. A thermal thin-film 
sensor integrated within the 
cuff enabled monitoring of the 
temperature in real time, thus 
enabling closed-loop control. 
—MSL 

Science, abl8532, this issue p. 109; 

see also abm8159, p. 28 
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INTRODUCTION: Despite an ever-expanding cat- 
alog of noncoding elements that are implicated 
in the control of mammalian gene expression, 
how the regulatory input from multiple ele- 
ments is integrated across a genomic neigh- 
borhood has remained largely unclear. This 
challenge is exemplified at Hox clusters (~100 to 
200 kb), which contain genes that specify po- 
sitional identity along the anterior-posterior 
axis of the developing embryo. In response to 
developmental morphogens such as retinoic 
acid (RA), the HoxA cluster splits into an active 
(Hoxal—5) and inactive domain (Hoxa6—13) at 
the level of gene expression and chromatin. 


Although distal enhancers, intracluster tran- 
scription factor binding, and topological orga- 
nization have emerged as the major regulatory 
modules in establishing this expression pattern, 
their relative contributions remain elusive. 


RATIONALE: Despite the advent of a vast suite 
of genome editing tools, it has remained chal- 
lenging to simultaneously manipulate multiple 
regulatory elements across large genomic win- 
dows to deconvolve their relative contributions. 
Taking inspiration from the bottom-up ap- 
proaches of synthetic biology and biochemical 
reconstitution, we developed “synthetic regu- 


Bottom-up construction of locus variants 


BACs containing region 
of interest 


PCR 


Amplification of assembled 
construct in bacteria 


Overlapping + 
amplicons 


Synthetic DNA 
encoding variation 


Assembly in yeast by 
homologous recombination 


Bottom-up construction of variant mammalian genomic loci at the >100-kb scale. Making multiple 
edits on the same allele over large genomic windows has remained challenging in mammalian cells. Variant 
loci with an arbitrary number of changes can be constructed in yeast using synthetic DNA and site- 
specifically integrated into the genome of mammalian cells to study their behavior. BAC, bacterial artificial 


chromosome. 
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latory reconstitution” as a framework for the 
study of gene regulation to address this gap. 
The synthesis of large DNA constructs (>100 kb) 
permits any combination of complex modifica- 
tions to be made, at the scale required to probe 
regulation across a native genomic neighbor- 
hood. We fabricated HoxA cluster variants that 
encode various combinations of the previously 
identified regulatory modules and integrated 
them into an ectopic location in the mouse 
genome. This enabled us to directly test the 
independent ability of these variant ectopic 
clusters to reconstitute distinct aspects of 
HoxA regulation. 


RESULTS: We harnessed the efficient homol- 
ogous recombination machinery in yeast to 
construct four rat HowxA variants (130 to 170 kb) 
and delivered them at single copy to the house- 
keeping Hprti locus of mouse embryonic stem 
cells. Upon RA-induced differentiation, an ectopic 
Hox cluster lacking distal enhancers (SynHoxA) 
induced both the appropriate subset of HoxA 
genes and the corresponding chromatin bound- 
ary. The presence of distal enhancers (Enhancers+ 
SynHoxA) increased transcription levels, especially 
at early time points. Further, both SynHoxA 
and Enhancers+SynHowA reorganized into 
active and inactive topological domains upon 
differentiation, mirroring the endogenous or- 
ganization. The mutation of just four retinoic 
acid response elements (RAREs) present in 
SynHoxA (RAREA) almost completely elimi- 
nated any response of the ectopic cluster to 
RA, at the levels of both gene expression and 
chromatin reorganization. The addition of dis- 
tal enhancers to RAREA could not fully rescue 
this loss of gene expression phenotype. 


CONCLUSION: Our data suggest that at HoxA, 
the primary module of active gene and chro- 
matin boundary specification in response to RA 
is through the presence of internal transcription 
factor binding sites. Distal enhancers are dis- 
pensable for the specification of active genes but 
synergize with intracluster activator binding to 
boost the amount of transcription. Therefore, 
mammalian How clusters contain all the regu- 
latory information that is necessary to convert a 
morphogenetic signal into a stable transcrip- 
tional, epigenetic, and topological state. This 
study showcases the power of synthetic regu- 
latory reconstitution, a generalizable platform 
for the dissection of gene regulation at other 
loci in complex genomes. 
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Precise Hox gene expression is crucial for embryonic patterning. Intra-Hox transcription factor binding and 
distal enhancer elements have emerged as the major regulatory modules controlling Hox gene expression. 
However, quantifying their relative contributions has remained elusive. Here, we introduce “synthetic 
regulatory reconstitution,” a conceptual framework for studying gene regulation, and apply it to the HoxA 
cluster. We synthesized and delivered variant rat HoxA clusters (130 to 170 kilobases) to an ectopic 
location in the mouse genome. We found that a minimal HoxA cluster recapitulated correct patterns of 
chromatin remodeling and transcription in response to patterning signals, whereas the addition of distal 
enhancers was needed for full transcriptional output. Synthetic regulatory reconstitution could provide a 
generalizable strategy for deciphering the regulatory logic of gene expression in complex genomes. 


ammalian Hox genes encode deeply 

conserved transcription factors (TFs) 

that are organized into four dense 

clusters (HoxA to HoxD) lacking other 

coding genes (7). In response to devel- 
opmental morphogens, How genes are expressed 
along the anterior-posterior axis of the develop- 
ing embryo in a spatial and temporal pattern 
that mirrors the organization of the genes 
within the cluster (2-4). The alteration of this 
“colinear” Hox gene expression pattern results 
in gross developmental defects or diseases such 
as cancer (5, 6). 

In undifferentiated cells, where no Hox 
genes are expressed, the entire HowxA cluster 
(~130 kb) is targeted by Polycomb repressive 
complex 2 (PRC2) and marked by hetero- 
chromatin (7). Patterning signals such as ret- 
inoic acid (RA) and Wnt activate transcription 
through their downstream TFs. In response to 
RA, activated RA receptors (RARs) are bound 
to retinoic acid response elements (RAREs) 
found within the HowxA cluster. This is cor- 
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related with the separation of the cluster into 
two domains that contain transcribed and 
repressed genes, respectively (8-12) (Fig. 1A). 
RARE mutations can lead to decreased or 
abolished expression of the neighboring HoxA 
genes in the central nervous system, solidifying 
the notion that RAREs directly control Hox 
gene expression (9, 13, 14). However, the rela- 
tionship between RARE activity and chromatin 
domain formation is not yet well established. 

A collection of intricate genetic manipula- 
tions has revealed a complex regulatory land- 
scape surrounding the How clusters (15-19). For 
example, the HoxA cluster relies on several 
RA and Wnt responsive distal regulatory ele- 
ments (enhancers) located in the gene-poor 
region between Howxal and the next gene, 
Skap2 (~300 kb away). Deleting some of these 
enhancers reduces, but never eliminates, HowA 
expression in response to RA or Wnt (20-22). 
Distal enhancer access to the genes in the 
inactive domain is restricted by the formation 
of a strong topological boundary at CCCTC- 
binding factor (CTCF) sites within the cluster 
upon differentiation. Disruption of this bound- 
ary results in the misexpression of posterior 
HoxA genes in response to RA (15, 23, 24). 

Thus, different regulatory modules are inte- 
grated to control Hox gene expression: local 
TF binding, distal enhancers, and topological 
DNA organization. However, a synergistic model 
describing their relative contribution and inter- 
actions has remained elusive (Fig. 1B). 

The relative contribution of a cis-regulatory 
module could be measured by (i) generating a 
variant allele that only contains the elements 
that constitute the module, and (ii) isolating 
the variant allele from confounding factors, 
such as the compensatory effect of other reg- 
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ulatory elements in cis. Testing the necessity 
of individual elements by generating loss-of- 
function variants has received a lot of attention. 
However, tests of sufficiency have remained 
intractable owing to the inability to precisely 
manipulate DNA at a scale that accurately 
models the complexity and size of native loci 
(>100 kb) (25). 

Short reporter constructs enable the study 
of variants only over a small genomic window 
(<10 kb) and also suffer from a lack of con- 
trolled genomic context, as they are largely 
randomly integrated or reside on episomal 
plasmids (26). Although they can test the abil- 
ity of a sequence to drive expression, they lack 
the scale to study How cluster chromatin do- 
main formation (>100 kb). Larger bacterial or 
yeast artificial chromosomes (BACs/YACs) can 
provide more genomic context and have been 
elegantly employed to understand regulation 
at Hox clusters (27-29). However, they are not 
easy to manipulate, making it challenging to 
generate a large number of variants that can 
be tested in vivo (26, 30, 31). Further, these 
large constructs are often randomly integrated 
into the genome, which confounds comparison 
across different constructs as a result of posi- 
tion effects and the integration of multiple 
copies. Methods for precise, single-copy inte- 
gration of large DNA molecules in mammalian 
cells have not yet been applied to the study of 
Hox cluster regulation (32, 33). Despite the 
revolution in genome editing, it is still ineffi- 
cient and time-consuming to make intricate 
structural rearrangements or multiple defined 
edits in cis, phased on a single homolog (34, 35). 

We recently described a pipeline that har- 
nesses the endogenous homologous recombi- 
nation machinery in yeast to de novo assemble 
~100-kb regions of mammalian genomes and 
integrate them into a defined location in mouse 
embryonic stem cells (mESCs) (36). This bottom- 
up assembly of genomic loci enables the intro- 
duction of an arbitrary number of variants in cis 
that are independent of any natural template. 

Here, we apply and extend this technology 
to study the relative contributions of genomic 
context, distal enhancers, and intracluster reg- 
ulatory elements to HoxA regulation. We con- 
structed variants of the HoxA cluster (ranging 
from 130 to 170 kb) encoding combinations of 
the previously identified regulatory modules 
and integrated them into an ectopic locus, 
thereby isolating them from the native ge- 
nomic neighborhood. We then asked whether 
the variant ectopic clusters were sufficient to 
reconstitute the transcriptional and epige- 
netic HoxA response to activating patterning 
signals (Fig. 1C). 


Synthetic HoxA strategy and construction 


All HoxA constructs described here were de- 
rived from rat (Rattus norvegicus) HoxA se- 
quence, which shares ~90% sequence identity 
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Fig. 1. HoxA regulation relies on the integration of multiple regulatory modules. (A) Schematic of HoxA regulation in response to retinoic acid (RA) during in 
vitro mouse ES cell (mESC)—-motor neuron differentiation. (B) Multiple regulatory modules, including enhancers, TF binding, and topology, are integrated to drive HoxA 
cluster response to RA. (€) Schematic of the synthetic regulatory reconstitution approach. Synthetic HoxA variants encoding various combinations of regulatory 
modules are built and integrated at an ectopic location in the genome. The response of these synthetic ectopic clusters to RA reveals their sufficiency and relative 


contribution in driving faithful HoxA expression. 


with the mouse HoxA sequence. This facili- 
tated experiments in two distinct genetic back- 
grounds: (i) cells containing the endogenous 
HoxA cluster (HoxA*'*), allowing direct com- 
parisons of expression levels to an internal 
control, and (ii) cells lacking endogenous mouse 
HoxA to eliminate potential sequence-mapping 
challenges (HoxA7 i 

We first constructed a 134-kb wild-type mini- 
mal rat HowxA cluster (SynHowA) (Fig. 2 and fig. 
Sl). SynHoxA contains all HoxA coding genes 
and encompasses the sequence correspond- 
ing to the contiguous domain repressed by 
H3K27me3 (trimethylated histone H3 Lys”) 
in undifferentiated mESCs. We produced 
polymerase chain reaction (PCR) amplicons 
from BACs bearing the rat HowxA cluster, with 
overlap between adjacent segments to enable 
homologous recombination. These amplicons 
were recombined in yeast to produce the 134-kb 
SynHowxA construct, termed an “assemblon” 
(fig. SIB). Edits to the assemblon can be made 
by switching the wild-type amplicons with 
synthetic DNA bearing the desired changes 
or by editing the assemblons directly using 
highly efficient, marker-free CRISPR/Cas9- 
based engineering in yeast (37). Assemblons 
were recovered from yeast into bacteria to 
purify large amounts of DNA (Fig. 2A). To test 
the contribution of distal enhancers to HoxA 
regulation, we fused all experimentally veri- 
fied distal regulatory elements directly up- 
stream of the core SynHoxA assemblon, 
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generating the 170-kb Enhancers+SynHoxA 
construct (fig. $2). 

DNA sequencing at each step confirmed 
assemblon integrity (Fig. 2C and fig. $3). We 
detected mutations at a frequency of ~1 nu- 
cleotide per 6 kb, likely arising from PCR er- 
rors (fig. S3). We verified that none of these 
mutations were likely to affect the function 
of the clusters in our differentiation system 
described below (table S1). 

All constructs were delivered to the Hprt 
locus on the X chromosome of both HoxA*/* 
and Ho«A’- mESCs using Cre-mediated re- 
combination (38) (figs. S4. and $5). We reasoned 
that Hprt would be an appropriate site to at- 
tempt regulatory reconstitution because it is 
a housekeeping gene with little regulatory 
activity in the surrounding regions, and its 
use as a “safe harbor” site is well documented 
(39, 40). Furthermore, transposing the HoxA 
cluster to an open locus would be the most 
stringent test of its ability to recruit the 
repressive PRC2 complex in undifferentiated 
cells. We used capture sequencing to verify 
that mESC clones contained the entire assem- 
blon, specifically at Hprt and in single copy 
(41) (Fig. 2B). 


Induction of SynHoxA gene expression during 
motor neuron differentiation 


We investigated the response of the ectopic 
clusters to RA in a widely used differentia- 
tion system that recapitulates key aspects of 
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ventral spinal cord development, including 
the activation of the appropriate HoxA genes 
(fig. S6A) (42, 43). Endogenous HoxA genes 
are repressed before exposure to patterning 
signals, and Hoxal-5 are induced in response 
to the “anterior” RA signal (10). 

We performed RNA-seq on wild-type HoxA*/* 
cells containing ectopic SynHoxA variants over 
the course of the differentiation protocol. Com- 
parison to previously published control data- 
sets by principal components analysis (PCA) 
revealed that the samples grouped largely 
according to time since RA treatment (44, 45) 
(fig. S6B). Cells containing SynHoxA variants 
down-regulated the expression of pluripotency 
markers, up-regulated the expression of mark- 
ers of motor neuron differentiation, and in- 
duced Hoxal-5 from the endogenous cluster 
upon exposure to RA as expected (Fig. 3, A and 
C, and fig. S6, C and D). Thus, the presence of 
an ectopic synthetic cluster does not affect the 
ability of cells to differentiate appropriately 
after RA treatment. 

The ectopic Enhancers+SynHowa cluster 
induced SynHowxal-5 starting 24 hours after RA 
treatment (Fig. 3B and figs. S7 and S8, A and 
B), whereas SynHoxa6 to SynHoxal3 re- 
mained repressed throughout. Similarly, ectop- 
ic SynHowA specifically induced SynHoxal-5 
(Fig. 3D and figs. S7 and S8C) without mis- 
expression of any posterior genes. Thus, neither 
endogenous genomic context nor the wide 
spacing of enhancer elements is strictly required 
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Fig. 2. Build and delivery of SynHoxA constructs. (A) Schematic of the 
process to generate mESCs bearing ectopic synthetic HoxA clusters via homologous 
recombination-based assembly in yeast and amplification in bacteria. (B) Analysis 


revealed only the expected junctions with no off-target integrations. (©) Schematic 
of the 134-kb SynHoxA and 170-kb Enhancers+SynHoxA constructs. Sequencing data 
for assemblon DNA isolated from bacteria (purple) and from capture sequencing after 


of reads spanning the synthetic construct and the host genome by bamintersect 


for a How cluster to induce the appropriate 
genes. 

We quantified gene induction from the ec- 
topic clusters by comparing each gene to its 
endogenous mouse HoxA counterpart (Fig. 3, 
E and F). Both ectopic clusters induced lower 
SynHoxal transcription, whereas SynHoxa2 
induction surpassed the endogenous gene. The 
induction kinetics of SynHoxa3-5 were slower 
than Hoxa3-5, but the mRNA levels became 
comparable after 96 hours, particularly in the 
Enhancers+SynHoxA construct. In general, 
Enhancers+SynHoxA induced higher levels 
of SynHoxal-5 expression than SynHowxA, 
especially at early time points (Fig. 3 and figs. 
S7 and S8, B and C). 

In our differentiation model, temporal co- 
linearity of genes from the endogenous HoxA 
cluster is exhibited by (i) an early induction of 
Hoxal (peaks at 24 hours) and its subsequent 
down-regulation and (ii) the sequential in- 
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duction of Hoxa2-5 from 24 to 96 hours. At 
96 hours, the expression level is Hoxa2 < 
Hoxa3 < Hoxat < Hoxas (figs. S7 to S9). The 
minimal SynHowxA cluster does not recapitulate 
the temporal expression pattern of Hoxal. 
SynHoxal is expressed at low levels through- 
out but increases steadily with time, mirroring 
the regulation of SynHoxa2-5 genes. However, 
this is partially rescued with the addition of 
enhancers in Enhancers+SynHowxa. SynHoxal 
expression in this context peaks at 48 hours 
and decreases at 96 hours. The temporal ex- 
pression of SynHoxa2-5 is retained in both 
constructs (fig. S9). 

The observed bulk differences in gene ex- 
pression between the ectopic clusters could be 
attributed either to a change in the number of 
cells that induce expression or to expression 
level changes in each cell. To address this, we 
investigated the response of the synthetic 


integration into wild-type (blue) and HoxA”~ 


clusters to RA at the single-cell level using 
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(green) mESCs. 


(i) Hoxa5d antibody staining and (ii) RNA single- 
molecule fluorescence in situ hybridization for 
anterior SynHowxA genes. We performed these 
experiments in the HoxA!- background. Gene 
expression from the ectopic clusters was not 
influenced by the presence or absence of the 
endogenous How cluster (fig. S10), and the 
cells differentiated appropriately (fig. S11). 
In both methods, the observed bulk differences 
in expression were not due to a difference in 
the number of cells that express anterior 
SynHoxA genes, but due to an increase in the 
amount of expression per cell in the presence 
of the enhancers (figs. S12 to S15). 

We investigated whether these findings 
could be extended to other patterning signals 
beyond RA, such as the posteriorizing Wnt 
signal (10, 22). Both ectopic clusters induced 
more posterior genes upon treatment with 
Wnt, up to SynHowxall (fig. S16). Intriguingly, 
the addition of distal enhancers does not seem 
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Fig. 3. SynHoxA variants up-regulate the correct subset of genes in response to RA patterning 
signal. (A to D) Fold change (FC) of RNA-seq data for endogenous mouse HoxA [(A) and (C)] and SynHoxA 
[(B) and (D)] genes during RA differentiation, relative to expression before RA treatment (n = 2). SynHoxA 
variants induce the correct genes (SynHoxal-5) in response to RA. (E and F) Ratios of gene expression 
for SynHoxA genes to endogenous mouse HoxA genes (n = 2). Counts for the endogenous HoxA genes were 
halved to normalize for two endogenous HoxA versus one ectopic SynHoxA copy. 


to consistently modify the Wnt response across 
SynHoxa genes as much as it did for RA. 
Together, these data support a model in 
which the HowA cluster contains all the nec- 
essary information to decode patterning sig- 
nals into the appropriate positional identity, 
independent of distal enhancers and the native 
genomic architecture. Distal enhancers are 
not required to specify active genes but have 
a critical role in modulating transcriptional 
output in response to RA. Whereas both ec- 
topic clusters induce the correct subset of 
genes, additional elements may be required to 
fine-tune expression amplitude and timing. 


Chromatin reorganization at SynHoxA clusters 
through differentiation 


In undifferentiated cells, Hox clusters are 
carpeted with repressive H3K27me3 marks 
and recruit CTCF to potential boundary po- 
sitions established in response to extracellular 
signals. The endogenous HowA cluster responds 
to RA by separating into an active and inactive 
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domain, forming a precise chromatin boundary 
between Hoxa5d and Hoxaé (10, 23). We investi- 
gated the chromatin dynamics and CTCF re- 
cruitment of the relocated HoxA clusters by 
performing chromatin immunoprecipitation 
sequencing (ChIP-seq) in the HoxA7~ back- 
ground to more reliably map reads to the ecto- 
pic clusters, thereby enhancing resolution. 
Prior to differentiation, both Enhancers+ 
SynHoxA and SynHoxA were entirely covered 
with high levels of H3K27me3. In addition, 
CTCF was recruited to the appropriate sites 
(Fig. 4, A and B). Thus, the ability to recruit 
all components for correct patterning is in- 
trinsic to the HowxA cluster sequence and is 
independent of endogenous genomic con- 
text or distal enhancers. Upon RA treatment, 
Enhancers+SynHoxA remodeled chromatin in a 
manner that is similar to the endogenous clus- 
ter. H3K27me3 decreased in the SynHoxal-5 
domain and increased at SynHoxa6-13 
(Fig. 4C). An increase in acetylated H3K27 
(H3K27ac) complemented H3K27me3 removal 
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from SynHoxal-5. H3K27me3 was entirely 
cleared by 48 hours, slightly slower than the 
endogenous locus, which clears by 24 hours (/0). 
Thus, the endogenous genomic context at HoxA 
is not required to translate an extracellular sig- 
nal into an accurate epigenetic chromatin state. 

The minimal SynHoxA cluster also recruited 
H3K27ac to anterior genes upon RA activation 
(Fig. 4D). Unlike the endogenous HowA cluster 
and Enhancers+SynHoxA, H3K27me3 was not 
entirely lost from the SynHoxal-5 domain 
during differentiation (Fig. 4D). Nonetheless, 
SynHoxA formed the appropriate, albeit weak, 
chromatin boundary at the SynHoxa5-a6 
CTCF binding site (Fig. 4E and fig. S17, A 
and B). Thus, the minimal SynHowxA cluster 
has the intrinsic ability to induce dynamic 
chromatin domains, independent of genomic 
context or enhancers. 


Topological organization of ectopic 
SynHoxA clusters 


The three-dimensional structure of the HoxA 
cluster changes during motor neuron differ- 
entiation, transitioning from a single associa- 
tion domain to two domains containing active 
or repressed chromatin (15, 23, 24). We investi- 
gated the topological organization of the ecto- 
pic clusters by performing Hi-C, a technique 
for detecting genome-wide chromatin inter- 
actions, during differentiation (0 and 48 hours 
after RA treatment). Both clusters formed self- 
associating domains in undifferentiated cells 
without generating a de novo topologically 
associating domain (TAD) boundary (fig. S18). 
Similar to the endogenous cluster, Enhancers 
+SynHoxA broke into two domains during 
differentiation, with enhancers and active genes 
in one domain and repressed genes in the other 
(fig. S1I8A). The minimal SynHoxA similarly 
transitioned from a compact self-associated 
state in undifferentiated cells into two domains 
during differentiation (fig. S18B). We did not 
observe strong evidence for trans-chromosomal 
interactions between the ectopic locus and 
its endogenous enhancers (tables $2 and S3). 
Thus, the ectopic HoxA clusters have the in- 
trinsic ability to self-organize in three dimen- 
sions, mirroring the expression and chromatin 
changes that occur upon differentiation. 


The RARE sites within the HoxA cluster are 
required for the RA response 


The minimal SynHoxA transformed the RA 
signal into the correct transcriptional and chro- 
matin programs. This behavior could theoret- 
ically depend on RAREs located within the 
Hoxal-5 domain, other sequences within the 
cluster, or interactions with other regulatory 
elements at the ectopic locus. To distinguish 
between these possibilities, we built a third 
construct lacking both RAREs and enhancers 
(RAREA SynHoxA) and integrated it into wild- 
type and HoxA~ mESCs (figs. S19 and $20) (9). 
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repressive H3K27me3. Dotted lines at the anterior breakpoint between the cluster 
and the vector sequences in (B) and (D) indicate presence of enhancer sequences in 
the reference genome to which no reads are mapped. (E) RPKM (reads per kilobase 
per million mapped reads) normalized ratios of repressive H3K27me3 to active 
H3K27ac across SynHoxA. The black line marks the Hoxa5-Hoxa6 CTCF site; gray 
shading indicates the windows contributing to ChIP-seq signal at the site. 


Cells carrying RAREASynHowA differenti- 
ated and induced endogenous HowxA genes 
appropriately (Fig. 5A and fig. S20, D and 
E). The ectopic cluster was decorated with 
H3K27me3 in mESCs, indicating that RAREs 
are not required to recruit the repressive chro- 
matin machinery. However, unlike the pre- 
vious constructs, RAREA SynHowxA failed to 
up-regulate the expression of SynHoxal-5 or 
to form a chromatin boundary in response to 
RA (Fig. 5, B to D, and figs. S8D and S17C). 
SynHoxas was the only gene with any signal, 
potentially due to a poorly characterized RAR 
binding site located between Hoxa5 and 
Hoxaé (9, 10). This null phenotype indicates 
that the behavior of ectopic SynHoxA clusters 
reflects their innate regulatory potential and 
not the effect of novel interactions formed at 
the Hprt locus. 

This lack of RA response provided the ideal 
background to measure the independent con- 
tribution of distal enhancers to HoxA gene 
regulation. To that end, we built and integ- 
rated a fourth construct: Enhancers+RAREA 
SynHowA, with the distal enhancers inserted 
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upstream of RAREA SynHoxA (figs. S19 and S20). 
In Enhancers+RAREA SynHoxA, SynHoxa2-5 
were induced at low levels in response to RA 
(Fig. 6, A and B, and fig. S8E). A faint chromatin 
boundary formed at the appropriate location 
between SynHoxa5S and SynHoxaé (Fig. 6, C 
and D, and fig. SI7D). This suggests that the 
distal enhancers may have a weak ability to 
activate HoxA gene transcription without the 
driving force provided by internal RAREs, or 
that they synergize with the poorly charac- 
terized RARE still present in this construct. 


Discussion 


We developed a “synthetic regulatory recon- 
stitution” approach to characterize the rela- 
tive contributions of distal enhancers and 
intracluster TF binding in specifying dis- 
tinct aspects of HoxA regulation. A minimal 
ectopic cluster lacking distal enhancers in- 
duced the correct subset of genes in response 
to two developmental signals (RA and Wnt). 
The presence of distal enhancers increased 
the transcriptional output from the ectopic 
cluster in response to RA, especially at earlier 
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time points. These results are consistent with 
previous studies in which deletion of enhancers 
from the endogenous locus resulted in lower Hox 
gene transcription in response to morphogens 
(20, 22, 46). At the time point we investigated, 
the ectopic cluster with distal enhancers did not 
induce higher expression in response to Wnt. 
This may indicate that some Wnt-responsive 
enhancers are missing in these constructs, or 
that the distal enhancers are ineffective in this 
configuration. Alternatively, earlier time points 
may reveal differences in transcriptional dy- 
namics or output between these constructs. 
The importance of both RAREs and distal 
enhancers to Hox gene expression was firmly 
established before this work. However, it was 
difficult to quantify their relative contributions 
to the establishment of transcriptional and 
chromatin domains at the scale of an entire 
Hox cluster with previous techniques. Our re- 
sults show that an ectopic cluster lacking all 
previously described internal RAREs (RAREA 
SynHoxA) failed to respond to RA both at the 
transcriptional and chromatin levels. This gene 
expression phenotype was not fully rescued by 
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Fig. 5. Retinoic acid receptor response element (RARE) sites are required for 
the RA response. (A) Fold change of RNA-seq data for endogenous HoxA and 
SynHoxA genes during differentiation (n = 2). (B) Ratios of gene expression 

for SynHoxA genes to endogenous mouse HoxA genes (n = 2). (€) ChiP-seq 


the addition of distal enhancers in Enhancers 
+RAREA SynHoxA. However, some chromatin 
remodeling was observed. Together, removal 
of internal RAREs led to virtually complete 
loss of gene expression, whereas removal of 
enhancers led to a reduction in expression at 
early time points, with almost complete rescue 
at later time points. Therefore, distal enhancers 
do not induce high levels of transcription or 
induce drastic chromatin remodeling in the 
absence of intracluster RAREs, but synergize 
with the RAREs to play a critical role in fine- 
tuning expression levels (Fig. 6, E and F). 

All ectopic clusters recruited CTCF and 
PRC2 in embryonic stem cells, implying that 
this property is How cluster-intrinsic. There- 
fore, precise CTCF positioning within the clus- 
ter does not depend on interactions with other 
elements at the endogenous TAD boundary. 
Together, our results imply that How clusters 


Pinglay et al., Science 377, eabk2820 (2022) 


are discrete units with an intrinsic ability to 
respond to patterning signals, strengthening 
original observations made at the HoxD clus- 
ter using random BAC transgenesis (28, 29). 
This is also congruent with the idea that the 
evolution of novel distal enhancers is a source 
of morphological novelty in secondary struc- 
tures such as limbs (J6, 47). 

The inability of the minimal SynHoxA to 
fully clear repressive marks in the anterior do- 
main could have several causes. First, the 
boost in transcription provided by distal en- 
hancers at early time points might facilitate 
the clearance of repressive chromatin. Second, 
the enhancers could serve as platforms to re- 
cruit additional chromatin modifiers. Finally, 
the vector backbone that is introduced as part 
of the delivery harbors repressive chromatin 
modifications throughout differentiation (Fig. 4). 
The spread of repressive chromatin from this 
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revealed no evidence of H3K27me3 (red) clearance and H3K27ac (blue) recruitment 
at RAREA SynHoxA. Dotted lines show the anterior breakpoint between the 

cluster and the vector sequences in (C) as in Fig. 4. (D) Ratio of repressive 
H3K27me3 to active H3K27ac chromatin across SynHoxA as in Fig. 4E. 


region might be more effectively prevented by 
enhancer sequences that contain fewer CpG 
islands than the cluster itself. Future experi- 
ments using scarless delivery methods will 
enable us to distinguish between these hypothe- 
ses (41). Although we see no strong genetic or 
topological evidence for trans-chromosomal inter- 
actions, we cannot fully exclude the possibility 
that they may play some part in activating 
SynHoxA genes. Higher-resolution chromatin 
conformation data centered on the ectopic 
clusters may help to address this question. 

This study represents a proof of principle 
for “synthetic regulatory reconstitution.” Tar- 
geting large, fully editable constructs to precise 
genomic locations enables quantitative compari- 
sons between variants and promises to address 
critical questions in gene regulation and ge- 
nome organization. Multiple elements required 
for the finer analysis of constructs through 
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Fig. 6. The addition of enhancers to SynHoxA RAREA does not rescue gene 
expression. (A) Fold change of RNA-seq data for endogenous HoxA and SynHoxA 
genes during differentiation (n = 2). (B) Ratios of gene expression for SynHoxA 
genes to endogenous mouse HoxA genes (n = 2). (€) ChiP-seq revealed the 


appropriate recruitment of CTCF (black) and the format 


differentiation, such as live-cell imaging of 
transcription and chromatin mobility, could 
also be included via bottom-up synthesis (48). 
Testing different ectopic sites such as those 
marked with constitutive heterochromatin, cross- 
species transplants of regulatory landscapes, 
and phenotyping in richer systems such as 
living mice and gastruloids are all attractive 
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Differences from endogenous gene expres- 
sion dynamics were observed, even for the 
Enhancers+SynHoxA construct. Thus, even 
the largest construct does not contain all the 
regulatory information required for refining 
gene expression. The great value in pursuing 
the synthetic regulatory reconstitution strat- 
egy is realized in cases where endogenous reg- 


avenues to explore (49). 
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ulation cannot be fully recapitulated. This 


22 


boundary at Enhancers+RAREA SynHoxA upon differentiation (n = 2). (D) Ratio 

of repressive H3K27me3 to active H3K27ac chromatin across SynHoxA as in Fig. 4E. 
(E) Summary of gene expression and chromatin boundary phenotypes across 

all SynHoxA clusters. (F) Model describing relative contributions of distal enhancers, 
intra-Hox binding, and genomic context to the RA response at HoxA. 


points to gaps in knowledge that we can at- 
tempt to fill by building successively larger or 
more intricate ectopic constructs in the future 
until no differences are observed when com- 
pared to the endogenous cluster. Reconstitu- 
tion is a powerful framework for dissecting 
complex biochemical processes because it 
allows for exquisite control over components 
of the system under study (50, 57). By analogy, 
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our approach allows for the generation of 
locus-scale variant constructs with any com- 
bination of desired changes. We expect 
synthetic regulatory reconstitution to be a 
fundamental component of the toolbox for 
studying transcriptional regulation. 


Methods summary 


A full description of the methods can be 
found in the supplementary materials. In 
brief, SynHoxA constructs were fabricated in 
yeast and integrated into mESCs as described 
(36, 41). SynHoxA mESCs were differenti- 
ated to motor neurons and characterized by 
RNA-seq, ChIP-seq, and Hi-C as described 
(10, 44, 45). Sequencing data were analyzed 
using custom pipelines. 


REFERENCES AND NOTES 


1. D. Duboule, The rise and fall of Hox gene clusters. Development 
134, 2549-2560 (2007). doi: 10.1242/dev.001065; 
pmid: 17553908 
2. M. Kmita, D. Duboule, Organizing axes in time and space; 
25 years of colinear tinkering. Science 301, 331-333 (2003). 
doi: 10.1126/science.1085753; pmid: 12869751 
3. W. McGinnis, R. Krumlauf, Homeobox genes and axial 
patterning. Cell 68, 283-302 (1992). doi: 10.1016/0092-8674 
(92)90471-N; pmid: 1346368 
4. D. Duboule, G. Morata, Colinearity and functional hierarchy 
among genes of the homeotic complexes. Trends Genet. 
10, 358-364 (1994). doi: 10.1016/0168-9525(94)90132-5; 
pmid: 7985240 
5. E. B. Lewis, A gene complex controlling segmentation in 
Drosophila. Nature 276, 565-570 (1978). doi: 10.1038/ 
276565a0; pmid: 103000 
6. N. Shah, S. Sukumar, The Hox genes and their roles in 
oncogenesis. Nat. Rev. Cancer 10, 361-371 (2010). 
doi: 10.1038/nrc2826; pmid: 20357775 
7. R. Margueron, D. Reinberg, The Polycomb complex PRC2 and 
its mark in life. Nature 469, 343-349 (2011). doi: 10.1038/ 
nature09784; pmid: 21248841 
8. S. Mahony et al., Ligand-dependent dynamics of retinoic 
acid receptor binding during early neurogenesis. 
Genome Biol. 12, R2 (2011). doi: 10.1186/gb-2011- 
pmid: 21232103 
9. C. Nolte, B. De Kumar, R. Krumlauf, Hox genes: Downstream 
“effectors” of retinoic acid signaling in vertebrate 
embryogenesis. Genesis 57, e23306 (2019). doi: 10. 
dvg.23306; pmid: 31111645 
0. E. O. Mazzoni et al., Saltatory remodeling of Hox 


2-1-12; 


002/ 


1. 


16. 


Pinglay et al., Science 377, eabk2820 (2022) 


chromatin in response to rostrocaudal patterning signals. 
Nat. Neurosci. 16, 1191-1198 (2013). doi: 10.1038/nn.3490; 
pmid: 23955559 

D. Noordermeer et al., The dynamic architecture of Hox gene 
clusters. Science 334, 222-225 (2011). doi: 10.1126/ 
science.1207194; pmid: 21998387 

N. Soshnikova, D. Duboule, Epigenetic temporal control of 
mouse Hox genes in vivo. Science 324, 1320-1323 (2009). 
doi: 10.1126/science.1171468; pmid: 19498168 

V. Dupé et al., In vivo functional analysis of the Hoxa-1 3' 
retinoic acid response element (3'RARE). Development 
124, 399-410 (1997). doi: 10.1242/dev.124.2.399; 

pmid: 9053316 

M. Frasch, X. Chen, T. Lufkin, Evolutionary-conserved 
enhancers direct region-specific expression of the murine 
Hoxa-1 and Hoxa-2 loci in both mice and Drosophila. 
Development 121, 957-974 (1995). doi: 10.1242/dev.121.4.957; 
pmid: 7743939 

N. Lonfat, T. Montavon, F. Darbellay, S. Gitto, D. Duboule, 
Convergent evolution of complex regulatory landscapes 
and pleiotropy at Hox loci. Science 346, 1004-1006 (2014). 
doi: 10.1126/science.1257493; pmid: 25414315 

T. Montavon, D. Duboule, Chromatin organization and global 
regulation of Hox gene clusters. Philos. Trans. R. Soc. Lond. 

B Biol. Sci. 368, 20120367 (2013). doi: 10.1098/ 
rstb.2012.0367° pmid: 23650639 


17. 


18. 


19. 


20. 


2l. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33: 


34. 


35. 


36. 


37: 


1 July 2022 


. Montavon, N. Soshnikova, Hox gene regulation and timing in 
embryogenesis. Semin. Cell Dev. Biol. 34, 76-84 (2014). 

doi: 10.1016/j.semcdb.2014.06.005; pmid: 24930771 

. Montavon et al., A regulatory archipelago controls Hox genes 
ranscription in digits. Cell 147, 1132-1145 (2011). doi: 10.1016/ 
j.cell.2011.10.023; pmid: 22118467 

S. Berlivet et al., Clustering of tissue-specific sub-TADs 
accompanies the regulation of HoxA genes in developing limbs. 
PLOS Genet. 9, 1004018 (2013). doi: 10.1371/journal. 
pgen.1004018; pmid: 24385922 

K. Cao et al., SETIA/COMPASS and shadow enhancers in 

he regulation of homeotic gene expression. Genes Dev. 31, 
787-801 (2017). doi: 10.1101/gad.294744.116; 

pmid: 28487406 

B. De Kumar et al., Analysis of dynamic changes in retinoid- 
induced transcription and epigenetic profiles of murine Hox 
clusters in ES cells. Genome Res. 25, 1229-1243 (2015). 
doi: 10.1101/gr.184978.114; pmid: 26025802 

R. Neijts et al., Polarized regulatory landscape and Wn 
responsiveness underlie Hox activation in embryos. Genes Dev. 
30, 1937-1942 (2016). doi: 10.1101/gad.285767.116; 
pmid: 27633012 
V. Narendra et al., CTCF establishes discrete functiona 
chromatin domains at the Hox clusters during differentiation. 
Science 347, 1017-1021 (2015). doi: 10.1126/science.1262088; 
pmid: 25722416 
V. Narendra, M. Bulaji¢, J. Dekker, E. O. Mazzoni, D. Reinberg, 
CTCF-mediated topological boundaries during development 
foster appropriate gene regulation. Genes Dev. 30, 
2657-2662 (2016). doi: 10.1101/gad.288324.116; 

pmid: 28087711 

N. Ostrov et al., Technological challenges and milestones for 
writing genomes. Science 366, 310-312 (2019). doi: 10.1126/ 
science.aay0339; pmid: 31624201 

M. Gasperini, L. Starita, J. Shendure, The power of multiplexed 
unctional analysis of genetic variants. Nat. Protoc. 11, 
782-1787 (2016). doi: 10.1038/nprot.2016.135; 

pmid: 27583640 

. A. Lehoczky, J. W. Innis, BAC transgenic analysis reveals 
enhancers sufficient for Hoxal3 and neighborhood gene 
expression in mouse embryonic distal limbs and genital bud. 
Evol. Dev. 10, 421-432 (2008). doi: 10.1111/j.1525- 
42X.2008.00253.x; pmid: 18638319 

F. Spitz, F. Gonzalez, D. Duboule, A global control region 
defines a chromosomal regulatory landscape containing the 
HoxD cluster. Cell 113, 405-417 (2003). doi: 10.1016/S0092- 
8674(03)00310-6; pmid: 12732147 

F. Spitz et al., Large scale transgenic and cluster deletion 
analysis of the HoxD complex separate an ancestral regulatory 
module from evolutionary innovations. Genes Dev. 15, 
2209-2214 (2001). doi: 10.1101/gad.205701; pmid: 11544178 
K. R. Peterson et al., Use of yeast artificial chromosomes 
(YACs) in studies of mammalian development: Production of 
beta-globin locus YAC mice carrying human globin 
developmental mutants. Proc. Natl. Acad. Sci. U.S.A. 92, 
5655-5659 (1995). doi: 10.1073/pnas.92.12.5655; 

pmid: 7539923 

N. Heintz, BAC to the fu 


ure: The use of bac transgenic mice 
‘or neuroscience research. Nat. Rev. Neurosci. 2, 861-870 
(2001). doi: 10.1038/35104049; pmid: 11733793 

F. G. Liberante, T. Ellis, From kilobases to megabases: Design 
and delivery of large DNA constructs into mammalian 
genomes. Curr. Opin. Syst. Biol. 25, 1-10 (2021). doi: 10.1016/ 
j.coisb.2020.11.003 
H. A. Wallace et al., Manipulating the mouse genome to 
engineer precise functional syntenic replacements with human 
sequence. Cell 128, 197-209 (2007). doi: 10.1016/ 
j.cell.2006.11.044; pmid: 17218265 

N. S. McCarty, A. E. Graham, L. Studena, R. Ledesma-Amaro, 
Multiplexed CRISPR technologies for gene editing and 
ranscriptional regulation. Nat. Commun. 11, 1281 (2020). 

doi: 10.1038/s41467-020-15053-x; pmid: 32152313 

K. Kraft et al., Deletions, Inversions, Duplications: Engineering 
of Structural Variants using CRISPR/Cas in Mice. Cell Rep. 
10, 833-839 (2015). doi: 10.1016/j.celrep.2015.01.016; 

pmid: 25660031 

L. A. Mitchell et a/., De novo assembly and delivery to mouse 
cells of a 101 kb functional human gene. Genetics 218, 
iyab038 (2021). doi: 10.1093/genetics/iyab038; 

pmid: 33742653 

J. E. DiCarlo et al., Genome engineering in Saccharomyces 
cerevisiae using CRISPR-Cas systems. Nucleic Acids Res. 

41, 4336-4343 (2013). doi: 10.1093/nar/gkt135; pmid: 23460208 


38. 


39. 


40. 


4l. 


42. 


43. 


4A. 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


ACKNOWLEDGMENTS 


We 


M. lacovino et al., Inducible cassette exchange: A rapid and 
efficient system enabling conditional gene expression in 
embryonic stem and primary cells. Stem Cells 29, 1580-1588 
(2011). doi: 10.1002/stem.715; pmid: 22039605 

M. Jasin, M. E. Moynahan, C. Richardson, Targeted 
ransgenesis. Proc. Natl. Acad. Sci. U.S.A. 93, 8804-8808 
(1996). doi: 10.1073/pnas.93.17.8804; pmid: 8799106 

M. Gasperini et al., CRISPR/Cas9-Mediated Scanning for Regulatory 
Elements Required for HPRT1 Expression via Thousands of Large, 
Programmed Genomic Deletions. Am. J. Hum. Genet. 101, 192-205 
(2017). doi: 10.1016/j.ajhg.2017.06.010; pmid: 28712454 

R. Brosh et al., A versatile platform for locus-scale genome 
rewriting and verification. Proc. Natl. Acad. Sci. U.S.A. 118, 
€2023952118 (2021). doi: 10.1073/pnas.2023952118; 

pmid: 33649239 

H. Wichterle, |. Lieberam, J. A. Porter, T. M. Jessell, Directed 
differentiation of embryonic stem cells into motor neurons. Cell 
110, 385-397 (2002). doi: 10.1016/S0092-8674(02)00835-8; 
pmid: 12176325 

M. Peljto, H. Wichterle, Programming embryonic stem cells to 
neuronal subtypes. Curr. Opin. Neurobiol. 21, 43-51 (2011). 
doi: 10.1016/j.conb.2010.09.012; pmid: 20970319 

B. Aydin et al., Proneural factors Ascll and Neurog2 contribute 
to neuronal subtype identities by establishing distinct 
chromatin landscapes. Nat. Neurosci. 22, 897-908 (2019). 
doi: 10.1038/s41593-019-0399-y; pmid: 31086315 

M. Bulaji¢ et al., Differential abilities to engage inaccessible 
chromatin diversify vertebrate Hox binding patterns. 
Development 147, dev.194761 (2020). doi: 10.1242/dev.194761; 
pmid: 33028607 

G. Su et al., CTCF-binding element regulates ESC 
differentiation via orchestrating long-range chromatin 
interaction between enhancers and HoxA. J. Biol. Chem. 

296, 100413 (2021). doi: 10.1016/j.jbc.2021.100413; 

pmid: 33581110 

R. Freitas, C. Gdmez-Marin, J. M. Wilson, F. Casares, 

J. L. G6mez-Skarmeta, Hoxd13 contribution to the evolution of 
vertebrate appendages. Dev. Cell 23, 1219-1229 (2012). 

doi: 10.1016/j.devcel.2012.10.015; pmid: 23237954 

H. Sato, S. Das, R. H. Singer, M. Vera, Imaging of DNA and RNA 
in Living Eukaryotic Cells to Reveal Spatiotemporal Dynamics 
of Gene Expression. Annu. Rev. Biochem. 89, 159-187 
(2020). doi: 10.1146/annurev-biochem-011520-104955; 

pmid: 32176523 

L. Beccari et al., Multi-axial self-organization properties of 
mouse embryonic stem cells into gastruloids. Nature 562, 
272-276 (2018). doi: 10.1038/s41586-018-0578-0; 

pmid: 30283134 

K. A. Ganzinger, P. Schwille, More from less - bottom-up 
reconstitution of cell biology. J. Cell Sci. 132, jcs227488 (2019). 
doi: 10.1242/jcs.227488; pmid: 30718262 

A. P. Liu, D. A. Fletcher, Biology under construction: In vitro 
reconstitution of cellular function. Nat. Rev. Mol. Cell Biol. 10, 
644-650 (2009). doi: 10.1038/nrm2746; pmid: 19672276 


thank the Mazzoni, Boeke, and Holt labs as well as the Institute 


for Systems Genetics community 
(Genomics Core Facility at NYU) 
publicly available, B. Ragipani for 


for their support, M. Khalfan 
or making the reform tool 
preliminary analysis on motor 


neuron differentiation markers, N. Zesati and S. Arora for help with 
preliminary visualization of Hi-C data, the Experimental Pathology 
core at NYU Langone for help with sectioning, and J. Skok and 

D. Reinberg for their insights. Funding: Supported by NHGRI grant 


RM1HGO09491 (J.B., M.T.M., and 
RO: 


E.0.M.), NINDS grant 


NS100897 and NIGMS grant RO1GM138876 (E.0.M.), New York 


State Stem Cell Science predoctoral training grant C322560GG 


(M.B.), NIH grants ROIAGO75272 


Melanoma Research Foundation Award 687306 (T.L.), and NIH 
grant F32CA239394 (B.R.K.). Author contributions: S.P., M.B 
E.0.M., and J.D.B. conceived of the project. S.P., M.B., D.P.R., 


R.B., N.E.M., B.R.K., and N.E. per 
D.P.R., L.R., N.E.M., S.M., and M.T. 
provided computational support. 
J.D.B. supervised research. S.P., 
he manuscript with input from a 


advisory board member of, and c: 
LLC; and past or present scienti 
Sangamo Inc., Modern Meadow 
Sample6 Inc., Tessera Therapeu 


J.D.B. is a founder and director of CDI Labs Inc.; a founder of 
and consultant to Neochromosome Inc.; a founder of, scien 


and RO1GM127538 and 


E.H;, 
‘ormed experiments. S.P., M.B., 
.M. analyzed data. S.G. and J.A.C. 
T.L., M.T.M., L.J.H., E.0.M., and 

M.B., E.0.M., and J.D.B. wrote 
| authors. Competing interests: 


ific 
onsultant to ReOpen Diagnostics 
ic advisory board member of 
nc., Rome Therapeutics Inc., 
ics Inc., and the Wyss 


nstitute. The other authors dec 


are no competing interests. 


8 of 9 


RESEARCH | RESEARCH ARTICLE 


Data and materials availability: All sequencing data from this 
study are deposited in NCBI GEO under GSE190906. License 
information: Copyright © 2022 the authors, some rights reserved; 
exclusive licensee American Association for the Advancement of 
Science. No claim to original US government works. www.science.org/ 
about/science-licenses-journal-article-reuse. 


SUPPLEMENTARY MATERIALS 


science.org/doi/10.1126/science.abk2820 
Materials and Methods 

Supplementary Text 

Figs. S1 to S20 

Tables S1 to S17 


Pinglay et al., Science 377, eabk2820 (2022) 1 July 2022 


References (52-79) 
MDAR Reproducibility Checklist 


View/request a protocol for this paper from Bio-protocol. 


Submitted 2 July 2021; accepted 27 May 2022 
10.1126/science.abk2820 


9 of 9 


RESEARCH 


RESEARCH ARTICLE SUMMARY 


BIOCHEMISTRY 


Mutations linked to neurological disease enhance 
self-association of low-complexity protein sequences 


Xiaoming Zhou, Lily Sumrow, Kyuto Tashiro, Lillian Sutherland, Daifei Liu, Tian Qin, Masato Kato, 


Glen Liszczak*, Steven L. McKnight* 


INTRODUCTION: Most proteins fold into stable, 
morphologically distinct three-dimensional 
shapes. By contrast, between 10 and 20% of 
the proteome in eukaryotic cells does not 
adopt stable structures. Protein domains that 
exhibit intrinsic disorder are typified by un- 
usual sequences consisting of a limited rep- 
resentation of amino acid residues known as 
low-complexity domain (LCD) sequences. Pro- 
tein LCDs are important to cell biology. They 
line the permeability channel of nuclear pores, 
allow for the assembly of intermediate fila- 
ments, and assist in the assembly of a variety 
of nuclear and cytoplasmic puncta that are 
not surrounded by lipid membranes. Despite 
their lack of folding, LCDs self-associate in a 


manner that allows phase separation from 
aqueous solution. Assays of phase separation 
have emerged as useful tools with which to 
study LCD self-association and its potential 
relationship to LCD function in living cells. 
Such studies have yielded conflicting obser- 
vations. The prevailing thinking is that LCDs 
self-associate in the absence of any form of 
protein structure. An alternative perspective 
posits that association of LCDs is initiated by 
the formation of labile structures, and that 
this structural order is facilitated by hydro- 
gen bond networks, allowing for favorable 
interchain adhesion in the form of cross-B 
interactions, as described 70 years ago by 
Linus Pauling. 
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The virtues of weakness: Protein structure poised at the edge of equilibrium. By using unnatural 
amino acids to manipulate the backbone hydrogen-bonding capacity, we reveal specific sites within LCDs 
that mediate self-association through the formation of labile cross-B structures. We found that multiple 
mutations causative of neurological disease target proline residues within the LCDs of functionally 
diverse proteins, and that these prolines serve to insulate labile cross-B structures and prevent aberrantly 
strong self-association. Denial of backbone-mediated hydrogen bonding at these mutation sites is 


sufficient to restore normal protein behavior. 
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RATIONALE: To test whether LCDs use main- 
chain hydrogen bonding to facilitate phase 
separation, variant LCDs associated with the 
RNA-binding protein TDP-43 RNA were con- 
structed without individual hydrogen bonds 
across a region known to assemble in a cross-B 
conformation. These constructs allowed for 
experimental assessment of the importance 
of main-chain hydrogen bonding to phase 
separation. The role of main-chain hydrogen 
bonds was further investigated in studies of 
the neurofilament light (NFL) chain protein, 
the microtubule-associated tau protein, and the 
heterogeneous nuclear RNPA2 (hnRNPA2) 
RNA-binding protein to determine whether 
mutations known to cause human neurologi- 
cal disease might create an extra hydrogen 
bond, thereby enhancing the avidity of cross-B 
interactions within the LCDs of these proteins. 


RESULTS: We prepared 23 variants of the TDP- 
43 LCD lacking the capacity for forming indi- 
vidual hydrogen bonds across a region critical 
to self-association and phase separation. Nine 
contiguous variants impeded phase separa- 
tion. The locations of these variants corre- 
sponded precisely with the location of nearly 
identical regions of the cross-B structure 
reported independently by two different 
cryo-electron microscopy reconstructions of 
self-associated TDP-43 protein. Mutant var- 
iants that replace a proline to allow an extra 
hydrogen bond within LCDs of the disease- 
associated NFL, tau, and hnRNPA2 proteins 
were found to specify formation of inor- 
dinately stable self-associations. Aberrant 
stability was reversed by chemical mod- 
ifications blocking the ability of the pep- 
tide nitrogen associated with the variant 
amino acid residues to participate in main- 
chain hydrogen bonding. 


CONCLUSION: The LCDs that we studied 
function by forming labile structures in 
the form of specific cross-B assemblies. These 
structures can be weakened by the removal 
of single, main-chain hydrogen bonds or 
strengthened by human mutations specify- 
ing the addition of single hydrogen bonds, 
suggesting that they are poised at the 
threshold of thermodynamic equilibrium. 
The labile nature of these structures offers 
a dynamic dimension to many aspects of 
cell organization, as well as the opportu- 
nity for regulation by many forms of 
posttranslational modification. 
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BIOCHEMISTRY 


Mutations linked to neurological disease enhance 
self-association of low-complexity protein sequences 


Xiaoming Zhou!, Lily Sumrow’, Kyuto Tashiro’, Lillian Sutherland’, Daifei Liu’, Tian Qin’, 
Masato Kato", Glen Liszczak’*, Steven L. McKnight'* 


Protein domains of low sequence complexity do not fold into stable, three-dimensional structures. 
Nevertheless, proteins with these sequences assist in many aspects of cell organization, including 
assembly of nuclear and cytoplasmic structures not surrounded by membranes. The dynamic nature 
of these cellular assemblies is caused by the ability of low-complexity domains (LCDs) to transiently 
self-associate through labile, cross-B structures. Mechanistic studies useful for the study of LCD 
self-association have evolved over the past decade in the form of simple assays of phase separation. Here, 
we have used such assays to demonstrate that the interactions responsible for LCD self-association 

can be dictated by labile protein structures poised close to equilibrium between the folded and 

unfolded states. Furthermore, missense mutations causing Charcot-Marie-Tooth disease, frontotemporal 
dementia, and Alzheimer’s disease manifest their pathophysiology in vitro and in cultured cell systems 
by enhancing the stability of otherwise labile molecular structures formed upon LCD self-association. 


ost genes of eukaryotic cells encode 
proteins that fold into stable, morpho- 
logically unique structures. Methods 
of protein structure determination 
deployed over the past six decades, in- 
cluding recent contributions from computer- 
enabled structure prediction, have resolved the 
shapes of a large fraction of the proteins that 
enable biological life. Knowledge of the molecular 
structures of proteins has been of considerable 
value in understanding many aspects of biology. 
Between 10 and 20% of the proteome found 
in eukaryotic cells is unusual in failing to be 
capable of adopting a stable, three-dimensional 
structure (J). These proteins were first disco- 
vered as the activation domains of transcrip- 
tion factors (2, 3), and differ from normal 
proteins by virtue of using no more than a few 
of the 20 amino acid residues found in normal 
proteins. These unusual protein domains have 
been described as being of low sequence com- 
plexity. The activation domain of the SPI trans- 
cription factor, as an example, is composed 
almost exclusively of glutamine residues (4). 
Knowing that normal proteins rely on the 
chemical complexity of many different types 
of amino acid residues to adopt their specific, 
three-dimensional shape, it is not surprising 
that transcriptional activation domains fail to 
adopt stable molecular structures. 
Since their discovery three decades ago in 
studies of gene-specific transcription factors, it 
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has been shown that low-complexity domains 
(LCDs) are widespread. They decorate both 
ends of all 75 intermediate filament proteins 
found in mammals, fill the central channel of 
nuclear pores, adorn almost all RNA-binding 
proteins, and occur on the cytoplasmic faces of 
integral membrane proteins associated with 
mitochondria, neuronal vesicles, peroxisomes, 
lysosomes, and the Golgi apparatus. Whereas 
LCDs constitute no more than 10 to 20% of the 
proteomes of eukaryotic organisms, they serve 
as the reservoir for 75% of the combined forms 
of posttranslational modification used by cells 
to regulate protein function (5, 6). Unfolded 
LCDs allow optimal access to the enzymes 
responsible for both depositing and eliminat- 
ing marks of posttranslational modification. 

Over the past two decades, numerous re- 
ports have revealed the capacity of LCDs to 
self-associate in a manner leading to their 
phase separation from aqueous solution (7-17). 
Assays of phase separation have facilitated 
mechanistic studies probing how LC domains 
interact. Here, we report two complementary 
approaches to studying how LCDs self-associate. 
First, we describe biochemical experiments on 
the LCD of an RNA-binding protein designated 
TAR DNA-binding protein 43 (TDP-43). Sec- 
ond, we investigate 10 idiosyncratic mutations 
causative of human neurological disease that 
map within LCDs. 

TDP-43 is an RNA-binding protein involved 
in the movement of mRNA from the nucleus 
to cytoplasmic sites of translation. A growing 
list of mRNAs have been found to be trans- 
lated in a localized manner, such that newly 
formed proteins are produced in locations 
proximal to their intended sites of need (72). 
During the process of movement from nuclear 


synthesis to cytoplasmic translation, mRNAs 
can be transiently organized in granular par- 
ticles visible by light microscopy (72). These 
RNA granules are not encased within lipid 
membranes, and there is considerable inter- 
est in understanding how they are organized 
and regulated. 

TDP-43 has long been recognized as a com- 
ponent of neuronal RNA granules that move 
mRNA molecules along the dendrites of neu- 
rons to facilitate enhanced translation at active 
synapses (13-15). A role in pathology is indi- 
cated by the fact that TDP-43 is frequently 
found in an aggregated state in the brain tissue 
of patients suffering from neurodegenerative 
disease (16, 17). 

A C-terminal region of the TDP-43 protein 
has been implicated in both its partitioning 
into RNA granules and its aberrant aggrega- 
tion associated with disease. The C-terminal 
153 residues of TDP-43 represent an LC region 
thought to be intrinsically disordered (J8). 
That the TDP-43 LCD may help facilitate RNA 
granule formation is evidenced by its ability to 
become phase separated from aqueous solu- 
tion. Upon incubation at high concentration 
under conditions of neutral pH and physio- 
logically relevant monovalent salts, the TDP- 
43 LCD quickly forms liquid-like droplets that 
mature into a gel-like state (19, 20). This be- 
havior is reminiscent of the LCDs associated 
with many other RNA-binding proteins that 
have likewise been implicated in the organi- 
zation of RNA granules (9, 10, 21). The rela- 
tionship of the TDP-43 LCD to pathologic 
aggregation has been supported by the discov- 
ery of mutant amino acid substitutions within 
it that are causative of neurodegenerative 
disease (22, 23). 

The LCD of TDP-43 is different in one 
conspicuous regard from prototypical LCDs 
that phase separate. The latter proteins are 
routinely enriched with tyrosine or phenyl- 
alanine residues functionally important for 
phase separation (7, 8, 24-26). However, in- 
stead of being enriched in aromatic amino 
acids, the LCD of TDP-43 contains 10 evolu- 
tionarily conserved methionine residues. This 
feature imparts oxidation sensitivity to phase 
separated liquid-like droplets and hydrogels 
formed from the TDP-43 LCD (19). When 
exposed to H,O2, TDP-43 droplets melt in a 
manner correlated to the formation of methi- 
onine sulfoxide adducts. Upon chemical reduc- 
tion by methionine sulfoxide reductase enzymes, 
thioredoxin, thioredoxin reductase, and NADPH, 
the TDP-43 LCD again coalesces into phase- 
separated droplets. This form of posttranslational 
modification of the TDP-43 LCD may define a 
redox switch allowing locally controlled disso- 
lution of RNA granules (19). 

A segment of 25 amino acids defines the 
region of the TDP-43 LCD critical for self- 
association and phase separation. This region 
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has been perfectly conserved through the 
400 million years of evolutionary divergence 
between fish and humans (19). It has also been 
observed by chemical footprinting to assume a 
structurally ordered state in phase-separated 
liquid-like droplets, hydrogels, and living cells 
(19). The same region of the TDP-43 LCD has 
been reported to form the molecular core of a 
morphologically specific cross-B structure (27). 

The molecular assembly enabling self- 
association of the TDP-43 LCD, like all cross-B 
structures, should be reliant on intermolecular 
hydrogen bonds to help anneal adjacent B 
strands. If the role of main-chain hydrogen 
bonding is essential to self-association and 
phase separation of the TDP-43 LCD, then it 
can be concluded that self-association and 
phase separation result from the formation 
of labile structural order. An understanding 
of structural order should in turn allow for 
an understanding of the effects of subtle, 
disease-causing mutations within LCDs. Here, 
we report the results of experiments designed to 
test these assumptions. 


Results 


A purified protein fragment corresponding to 
the intact LC domain of TDP-43 forms phase- 
separated liquid-like droplets within seconds 
after suspension at room temperature in a 
neutral pH buffer supplemented with 150 mM 
NaCl. Compared with denatured, unfolded 
protein, residues M322 and M323 are pro- 
tected from H,O,-mediated oxidation in phase- 
separated preparations of the TDP-43 LCD (/9). 
These oxidation-resistant methionine residues 
colocalize with a dagger-like cross-f structure 
composed of 16 residues observed in three cryo- 
electron microscopy (cryo-EM) reconstructions 
of polymers formed from the TDP-43 LCD (27). 
The dagger-like structure and locus of oxida- 
tion protection themselves colocalize with a 
stretch of 25 residues corresponding to the 
most evolutionarily conserved region of the 
TDP-43 LCD (19). 

Similar patterns of oxidation protection of 
residues M322 and M323 of the TDP-43 LCD 
have been observed in liquid-like droplets, 
labile cross-f polymers, and living cells (79). 
On the basis of the colocalization of these two 
methionine residues within the three struc- 
tures resolved by cryo-EM, we hypothesized 
that self-association and consequential phase 
separation of the TDP-43 LCD might be nu- 
cleated by an assembly defined by the small 
cross-B structure. 


Individual, main-chain hydrogen bonds are 
important for TDP-43 self-association 


To experimentally investigate this hypothesis, 
we prepared 23 variants of the TDP-43 LCD 
differing only in chemical modification of 
the peptide backbone nitrogen atom of each 


residue within the ultraconserved region of the 
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protein (Fig. 1A). Variants carried an N°-methyl 
group on individual peptide backbone nitrogen 
atoms, thus enabling a systematic analysis of 
the involvement of main-chain hydrogen bond- 
ing in self-association and phase separation of 
the protein into liquid-like droplets. Cryo-EM 
structures of TDP-43 LCD polymers show that 
interpeptide hydrogen bonds represent favor- 
able adhesive forces holding protein chains 
together in a parallel, in-register cross-B con- 
formation. Our experimental strategy allowed 
assessment of whether hydrogen bonds located 
either within or outside of the cross-B struc- 
ture might be required for phase separation. 

Variants of the TDP-43 LCD methyl capped 
at individual backbone nitrogen atoms were 
assembled using a three-piece native chemical 
ligation strategy. Briefly, synthetic peptide thio- 
esters bearing methyl-capped backbone nitrogen 
atoms at individual sites were inserted between 
flanking fragments of the TDP-43 LCD that 
had been expressed in bacterial cells (Fig. 1B). 
Ligation products were purified by high- 
performance liquid chromatography (HPLC) 
and analyzed by mass spectrometry to con- 
firm the addition of a single backbone methyl- 
ation site (Fig. 1C). The only amino acid not 
evaluated in this manner was residue P320. 
Proline, which has a side chain that is twice 
connected to the peptide backbone to form a 
pyrrolidine ring, is the only amino acid devoid 
of the NH group required for main-chain hy- 
drogen bonding. 

The native TDP-43 LCD sample and all 23 
variants were purified and assayed for the for- 
mation of phase-separated liquid-like droplets 
in the presence of standard buffer, as well as 
buffers supplemented with 0.4, 0.8, or 1.2 M 
urea. Droplet formation was quantified in 
triplicate using a spectroscopic assay of tur- 
bidity and microscopic images of all proteins 
as observed in normal buffer, and the three 
different concentrations of urea are shown in 
fig. S1. As shown in Fig. 1D and E, the intact 
LCD of TDP-43 formed liquid-like droplets in 
native buffer. Fewer droplets were observed 
with 0.4 M urea, fewer still with 0.8 M urea, 
and no liquid-like droplets were observed in 
buffer supplemented with 1.2 M urea. 

Compared with the native LCD of TDP-43, 
the variant bearing a methyl cap on the peptide 
backbone nitrogen associated with residue A324 
formed fewer droplets in native buffer, fewer 
droplets in buffer supplemented with 0.4 M 
urea, and no droplets in buffer supplemented 
with either 0.8 or 1.2 M urea. Thus, the variant 
bearing a methyl cap on the peptide backbone 
nitrogen associated with alanine 324 was 
diminished in its capacity to phase separate 
under the three conditions supportive of droplet 
formation by the intact TDP-43 LCD. By con- 
trast, a variant of the TDP-43 LCD bearing a 
methyl cap on the peptide backbone nitrogen 
associated with residue M337 formed mor- 


phologically indistinguishable droplets com- 
pared with the native protein under all conditions 
tested. Droplet numbers quantified by turbidity 
for the 337meM variant were indistinguishable 
from the native protein. 

In this way, spectroscopic measurements 
for phase separation and microscopic images 
were gathered for all 23 N°-methylated TDP- 
43 LCD variants. The turbidity assays dis- 
played in Fig. 2 revealed nine variants as being 
impaired in their ability to phase separate, two 
variants as being partially impaired, and 12 var- 
iants as phase separating in a manner indis- 
tinguishable from the native protein. The 
histograms in Fig. 2C show normalized turbidity 
measurements for the 24 protein samples 
(y axis) relative to residue positions along 
the protein chain (# axis). One histogram 
shows normalized turbidity data collected 
in the absence of urea, one shows data col- 
lected in the presence of 0.4 M urea, and one 
shows data collected in the presence of 0.8 M 
urea. All three histograms reveal that all nine 
of the significantly impaired variants cluster 
between residues A321 and A329. The data 
shown in Fig. 2, D and E, further reveal that 
the region in which removal of single hydrogen 
bonds impedes phase separation colocalizes 
with both the footprinted region of structure- 
dependent oxidation protection, as well as the 
cross-B structure resolved by cryo-EM (19, 27). 

A molecular structure has been determined 
for a hexapeptide segment of the TDP-43 LCD 
spanning residues 321 to 326 (28). This hexa- 
peptide forms parallel B-sheets wherein strands 
are held together by main-chain hydrogen 
bonds. Each of these six residues, if bearing 
a methyl group on their peptide backbone 
nitrogen in the context of the intact TDP-43 
LCD, exhibited a weakened propensity to phase 
separate into liquid-like droplets (Fig. 2). 

Having analyzed the 23 N°-methylated 
TDP-43 LCD variants, we prepared samples in 
which three peptide backbone nitrogen atoms 
were concomitantly methylated. One such 
variant capped the peptide backbone nitrogen 
atoms of residues A321, M323, and A325; the 
other capped the peptide nitrogen atoms of 
residues M323, A325, and Q327. The same 
methods of peptide synthesis and three-piece 
chemical ligation described in Fig. 1 were used 
to assemble these variants of the TDP-43 LCD. 
As shown in Fig. 3, both variants were severely 
impeded with respect to the formation of 
phase-separated liquid-like droplets. No drop- 
lets were observed for either variant in the 
presence of any concentration of added urea, 
and the number of droplets formed in the ab- 
sence of urea was significantly reduced. 

By devising and deploying methods of semi- 
synthetic protein chemistry, we have systemat- 
ically evaluated the importance of 23 peptide 
backbone amide protons within the TDP-43 
LCD for the formation of phase-separated 
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Fig. 1. Preparation of semisynthetic derivatives of the TDP-43 LCD 
carrying single, methyl-capped peptide backbone nitrogen atoms. 

(A) Schematic representation of the LCD of TDP-43 (residues 262 to 414) 
with an ultraconserved region (residues 316 to 339) highlighted by darker 
shading. N*-methyl amino acid (red) scanning analysis was applied on 

the ultraconserved region. (B) Schematic depicting the strategy to prepare 
N*-methyl amino acid (red asterisk)—-incorporated TDP-43 LCDs. N°-methyl 
amino acids were introduced into synthetic peptides that were conjugated by 
sequential native chemical ligation reactions to flanking protein fragments 
produced in bacteria. Ligation products contained cysteine residues in place 
of alanine residues at both ligation boundaries. Both cysteine residues were 
chemically desulfurized to alanine such that the only difference between 
engineered LCDs and the native LCD was the presence of a single N*-methy| 
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group at the desired site. (©) Representative result of HPLC trace (left) 
and high-resolution, intact MS (right) for confirming ligation product from (B). 
(D) Light microscopic analyses of phase separation for three representative 
samples, including the reconstructed, semisynthetic, native TDP-43 LCD (WT), a 
variant carrying a methyl cap on the peptide backbone nitrogen atom of alanine 
residue 324 (324 meA), and a variant carrying a methyl cap on the peptide 
backbone nitrogen of methionine residue 337 (337 meM). Each protein was 
incubated under conditions of neutral pH and physiologically normal 
monovalent salts, allowing for the formation of phase-separated liquid-like 
droplets. Droplet formation was assayed in triplicate in normal buffer and in 
buffers supplemented by 0.4, 0.8, and 1.2 M urea. Scale bar, 25 um. 

(E) Quantitative analysis of phase separation for all protein samples monitored 
by spectroscopic analysis of turbidity. 


liquid-like droplets. Denial of hydrogen-bonding 
capacity in a localized region of the TDP-43 LCD 
distinctly weakened protein self-association. 
This region of sensitivity to the focused removal 
of hydrogen bonds falls within a known cross-B 
structure. Therefore, our observations comport 
with the proposed involvement of the small 
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cross-f structure in self-association and phase 
separation by the TDP-43 LCD. These obser- 
vations further conform to previous studies of 
the fused-in-sarcoma (FUS) and heterogeneous 
nuclear RNPA2 (hnRNPA2) LCDs, in which 
labile cross-f structures also play a role in phase 
separation (9, 29). 


1 July 2022 


The experimental observations reported 
in this study give evidence of the importance 
of main-chain hydrogen bonding for self- 
association and phase separation of the TDP- 
43 LCD. That elimination of single hydrogen 
bonds can reproducibly yield distinct pheno- 
typic deficits gives evidence of the inherent 
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Fig. 2. Phase-separation capacities of 

23 variants of the TDP-43 LCD differing 
according to the presence of a single, 
methyl-capped peptide backbone nitrogen 
atom. (A) Purity and integrity evaluation of 

all N°-methyl variants of the TDP-43 LCD by 
SDS-PAGE. (B) Normalized turbidity measure- 
ment of TDP-43 LCD phase separation induced 
in buffer of neutral pH and physiological 
monovalent salt, or in buffers supplemented by 
0.4, 0.8, and 1.2 M urea. All samples were 
analyzed in triplicate and further evaluated and 
photographed by light microscopy (fig. S1). 
Turbidity measurements revealed two classes of 
variants irrespective of the presence or absence 
of urea. One class composed of nine variants 
showed, relative to the native TDP-43 LCD, 
reduced turbidity and fewer liquid-like droplets 
under all conditions. The other class, composed 
of 13 variants, showed evidence of phase 
separation indistinguishable from the native 
protein. (C) Histograms reveal the normalized, 
average turbidity measurements of 24 protein 
samples as evaluated in the absence of urea as 
well as in the presence of either 0.4 or 0.8 M 
urea. Turbidity is graphed on the y-axis of 
each plot relative to the amino acid sequence of 
the ultraconserved region of the TDP-43 LCD 
between residue F316 and residue M339 
(x-axis). Irrespective of assay condition, all 
nine of variants exhibiting impediments to 
phase separation clustered between residues 
A321 and A329. (D) Reproductions of 
published data pinpointing the region of the 
TDP-43 LCD footprinted to reveal structure- 
dependent protection from methionine 
oxidation (19). (E) Molecular structure of 
cross-B polymers formed from the TDP-43 
LCD as resolved by cryo-EM (27). The 

region of the protein that was observed to 

be of the same molecular structure in 

three independent cryo-EM reconstructions 
extends from residue P320 to residue M337. 
(F) Top image shows ribbon diagram 
representations of residues 314 to 327 from 
one of the three cryo-EM structures of 

cross-B polymers made from the TDP-43 

LCD shown in (E) (27). Bottom image shows 
ribbon diagram representation of residues 

314 to 327 from a different cryo-EM structure 
of cross-B polymers made from the intact 
TDP-43 LCD (32). 


sy 


lability of the cross-f structure responsible for 
self-association of the TDP-43 LCD. 

Several studies have suggested that the 
TDP-43 LCD can adopt an o-helical conforma- 
tion in the same region that we have shown to 
function through the formation of labile cross-B 
interactions (18, 30, 31). Evidence of a-helical 
conformation has been observed by solution 
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[nuclear magnetic resonance (NMR)] spectro- 
scopy under conditions of acidic pH and in the 
absence of monovalent salt. Two such studies 
have shown that when pH is raised to neutral, 
NMR spectra diagnostic of a-helical confor- 
mation disappear and are replaced by spectra 
diagnostic of B-strand conformation (/8, 30). 
Thus the o-helical conformation is likely not 


stable under physiological conditions of pH 
and salt, as used in our experiments. 


Amino acid side chains are important to 
self-association of the TDP-43 LCD 


Whereas data presented in Figs. 1, 2, and 3 give 
evidence that main-chain hydrogen bonding is 
important for self-association of the TDP-43 
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Fig. 3. Preparation and analysis of semisynthetic derivatives of the TDP-43 


LCD carrying three methyl-capped peptide backbone nitrogen atoms. 
(A) Synthetic peptides carrying methyl caps on the peptide backbone 


nitrogen atoms of residues A321, M323, and A325 [triple-me (321-323-325)] 
or residues M323, A325, and Q327 [triple-me (323-325-327)] were inserted 


into the full-length LCD of TDP-43 by chemical ligation as described in 


Fig. 1. Purity and integrity of the ligation products were evaluated by SDS- 
PAGE (top panel). Phase separation of the ligation products was quantified 


by turbidity measurement (bottom panel). The phase separation was induced 
in buffer of neutral pH and physiological monovalent salt supplemented 


LCD, they fail to address the potential impor- 
tance of amino acid side chains. In the absence 
of side chain-mediated chemical interactions, 
there would be no opportunity for specificity 
in formation of the cross-f structure itself. 
To investigate the functional involvement of 
amino acid side chains, we performed glycine- 
scanning mutagenesis across the ultracon- 
served region of the TDP-43 LCD. We chose 
glycine because of the chemical simplicity of 


with no urea or 0.4, 0.8, or 1.2 M urea. (B) Presentation 


of normalized 


turbidity measurements in the form of histograms. No evidence of turbidity 
above background was observed for either sample bearing three methyl- 


capped peptide backbone nitrogen atoms when assayed 
0.4, 0.8, or 1.2 M urea. In the absence of supplemented 
bearing three methyl-capped nitrogen atoms displayed t 
reduced by between 60 and 70% relative to that of the 


in the presence of 
urea, both samples 
urbidity levels 

native TDP-43 LCD. 


(C) Light microscopic analyses of phase separation for n 
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its side chain. 
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The pattern of effects of 26 side chain variants 
from amino acids 315 to 340 of the TDP-43 LCD 
upon phase separation was similar to the pat- 
tern of effects resulting from hydrogen bond 
removal (Fig. 4). Substitution of any native 
residue between A324 and L330 by glycine led 
to the formation of either amorphous precip- 
itates or distinctly misshapen droplets. This 
region of the protein was also most sensitive to 
methyl capping of individual peptide backbone 
nitrogen atoms (Fig. 2). 


(WT), triple-me (321-323-325), and triple-me (323-325-327) variants assayed 
in (A) and (B). Scale bar, 25 um. 


Of the 10 variants located on the C-terminal 
side of L330, only two caused notable changes 
in droplet morphology (G335S and G3388). 
These are the only positions within the region 
chosen for study that are represented by glycine 
in the native sequence of TDP-43 (and were 
changed to serine as part of the mutagenesis 
scan). Of the nine variants located on the N- 
terminal side of A324, only two caused notable 
changes in phase separation. Both the N319G 
and P320G variants led to the formation of 
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Fig. 4. Phase-separation capacities of 26 variants of the TDP-43 LCD 
differing according to the replacement of a single amino acid residue with 
glycine. Single amino acid residues within the ultraconserved region of the 
TDP-43 LCD were changed to glycine by conventional mutagenesis and 
expression in bacterial cells. Two of the 26 positions already contained glycine 
(G335 and G338) in the native sequence and were mutationally changed to 


amorphous precipitates. Among all 26 var- 
iants tested, the P320G variant revealed the 
most profound effect on droplet formation. 
Immediately after suspension in aqueous 
buffer, the P320G variant formed a heavily 
tangled precipitate. 

In addition to inspecting the 26 glycine- 
scanning variants in normal aqueous buffer, 
we analyzed droplet morphology in buffers 
supplemented with 0.4, 0.8, and 1.2 M urea. 
As shown in fig. S2, the pattern of effects of 
glycine-scanning variants was largely similar 
irrespective of the addition of urea. These 
added assays revealed that certain variants 
were, relative to the native protein, either more 
or less sensitive to the urea denaturant. In 
particular, the four “outlying” variants, N319G, 
P320G, G335S, and G338S, continued to dis- 
play either precipitates or misshapen droplets 
in the presence of 1.2 M urea (a condition that 
fully melts liquid-like droplets made from the 
native TDP-43 LCD). In summary, these expe- 
riments confirm the importance of several 
amino acid side chains within the ultracon- 
served region of the TDP-43 LCD for the for- 
mation of labile and morphologically spherical, 
phase-separated droplets. 


Residue P320 is important for the proper 
balance of TDP-43 self-association 


Having observed profound deficits in phase- 
separation assays for the P320G variant, we 
wondered whether mutation of other proline 
residues within the TDP-43 LCD might also 
lead to significant deficits. In addition to P320, 
the sequence of the LCD specifies residues at 
positions P280, P349, and P363 outside of the 
ultraconserved region (Fig. 5A). Each of these 
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residues was individually changed to glycine, 
followed by expression, purification, and assay 
of phase separation. None of the three variants 
caused any effect on either the morphology 
or the stability of phase-separated liquid-like 
droplets (Fig. 5B). We thus conclude that resi- 
due P320 is of particular importance to the 
function of the TDP-43 LCD. 

A number of well-validated, amyotrophic 
lateral sclerosis (ALS)-causing missense muta- 
tions map within or close to the ultraconserved 
region of the TDP-43 LCD (23). Included among 
such mutations is the particularly well-studied 
M337V variant that leads to the formation of 
oxidation-resistant liquid-like droplets (19). 
These observations raise the question of why 
human genetic studies have failed to report ALS- 
causing missense mutations in residue P320? 

Given its severe propensity to aggregate into 
stable precipitates, we considered the possi- 
bility that expression of the P320G variant 
might be incompatible with cell viability. To 
test this, U2OS cells were stably transformed 
with inducible transgenes encoding native 
TDP-43, the M337V ALS-causing variant, or 
the P320G variant. After isolating cell clones 
expressing comparable levels of the three proteins 
upon conditional induction, and seeing no detec- 
table expression of the proteins in the absence 
of the chemical inducer, we performed viability 
studies as a function of time after induction. 
As shown in Fig. 5C, conditionally induced 
expression of the P320G variant substantially 
reduced cell viability. No such impediment 
to viability was observed for cells transformed 
with the parental expression vector, nor for 
cells conditionally expressing either the native 
TDP-43 protein or the ALS-causing M337V 


serine. Each protein was purified and tested for phase separation in a buffer of 
neutral pH and physiologically normal monovalent salt ions. Light microscopic 
images were photographed 1 hour after the initiation of each reaction. In 
addition to assays performed in standard buffer, each protein sample was also 
evaluated for its capacity to phase separate in the presence of 0.4, 0.8, and 
1.2 M urea (fig. S2). Scale bar, 25 um. 


variant. We conclude that the P320G variant 
has not appeared in human genetic studies 
as an ALS-causing missense mutation because 
it is cell lethal. 

To investigate the behavior of the P320G 
variant in living cells, compared with the na- 
tive protein, the ALS-disposing M337V variant, 
and the three P-to-G variants at positions 
280, 349, and 363, expression vectors were 
prepared linking each variant of TDP-43 to 
green fluorescent protein (GFP). U20S cells 
were transiently transfected with each expres- 
sion vector. Twenty-four hours later, the cells 
were visualized by confocal microscopy as 
shown in Fig. 5D. GFP signal associated with 
the fusion protein linked to the native TDP-43 
protein was restricted to the nuclei of trans- 
fected cells, and the P280G, P349G, and P363G 
variants yielded patterns of nuclear staining 
indistinguishable from the native TDP-43 pro- 
tein. Similarly, we observed nuclear staining 
for the ALS-causing M337V variant. By con- 
trast, the GFP signal for the P320G variant was 
almost exclusively restricted to the cytoplasm, 
with residual nuclear staining confined to 
prominent nuclear puncta. 

Why does P320G show such an unusual 
phenotype? Recognizing that proline is the 
only amino acid not permissive of forming 
main-chain hydrogen bonds, its replacement 
by any other amino acid would obviously re- 
store hydrogen-bonding capacity. In addition 
to the P320G variant characterized thus far, 
we also mutated proline 320 to either serine 
or alanine. Both variants caused equally pro- 
found precipitation of the TDP-43 LCD rela- 
tive to the P320G variant in phase-separation 
assays (fig. S3). These observations suggest that 
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either the native TDP-43 protein (WT) or the ALS-causing M33V variant 
compared with substantial deficits resulting from expression of the P320G 
variant (right panel). (D) Constitutive expression vectors encoding fusion 
proteins linking GFP to the N terminus of full-length TDP-43 were transiently 
transfected into U2OS cells. Nucleus-restricted GFP was observed for native 
TDP-43 linked to GFP, as well as for the proline-to-glycine variants of residues 
280, 349, and 363 and the ALS-causing M337V variant. Transient expression 
of the P320G variant led to predominantly cytoplasmic GFP staining, with 


P320 might function as a chemical insulator 
functioning to locally buffer the extent of cross-B 
interactions. This is consistent with the loca- 
tion of P320 between two adjacent f strands, 
as revealed both by the dagger structure re- 
solved by Eisenberg and colleagues and by an 
independent cryo-EM structure recently de- 
duced for polymers formed from the intact 
TDP-43 LCD (Fig. 2F) (27, 32). These indepen- 
dently resolved structures are virtually identi- 
cal for the region of the TDP-43 LCD spanning 
residues 314 to 327. 

If the glycine or serine substitutions of 
residue P320 increase TDP-43 aggregation 
propensity by regenerating main-chain hydro- 
gen bonds, then this should be reversed by 
methylating the peptide backbone nitrogen 
atom of the glycine residue in P320G or that 
of the serine residue in P320S. We again used 
the TDP-43 synthesis strategy detailed in Fig. 
1 to introduce a methyl cap onto the peptide 
backbone nitrogen atom of these two variant 
residues. In both cases, these efforts led to the 
rescue of phase-separated liquid-like droplets 
(Fig. 5E). 


Mutational variants of evolutionarily conserved 
proline residues in NFL, tau, and hnRNPA2 
enhance the stability of otherwise labile 
cross-B interactions 


The effects of the glycine, serine, and alanine 
missense variants of proline 320 within the 
TDP-43 LCD prompted us to search for disease- 
causing mutations within LCDs that might 
map to proline residues. We found idiosyn- 
cratic disease-associated proline mutations 
within LCDs of the neurofilament light (NFL) 
chain protein, the microtubule-associated pro- 
tein tau, and the hnRNPA2 protein. Each 
of these proteins is known to be subject to 
autosomal-dominant mutations of proline 
residues causative of disease, and each became 
the focus of our biochemical approach to the 
study of LCDs. 


Mutations changing residue P8 or P22 of NFL 
cause CMT disease 


Human Charcot-Marie-Tooth (CMT) disease 
can be caused by mutation of either of two 
proline residues located within the head domain 
of the NFL protein (33, 34). These autosomal- 
dominant mutations change residue P8 to 
leucine, arginine, or glutamine or residue P22 
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to serine, threonine, or arginine. Various assays 
have been used to confirm that these mutations 
impede the proper assembly of neurofilaments 
in living cells (33, 35, 36). 

Intermediate filament (IF) proteins can be 
expressed in bacterial cells, purified, and in- 
cubated under conditions permissive of for- 
mation of mature filaments. The first two 
steps in assembly, dimerization and tetrameri- 
zation, are mediated solely by centrally located, 
a-helical rod domains, and can proceed in the 
absence of the head domain. By contrast, the 
head domains of IF proteins are essential for 
the subsequent assembly of eight tetramers 
into cylindrical filaments (37-39). 

The head domains of IF proteins are of low 
sequence complexity and have long been 
thought to function in the absence of molec- 
ular structure (40, 47). Alternative observa- 
tions have now been reported for the head 
domains of the desmin, vimentin, peripherin, 
neurofilament light chain, neurofilament me- 
dium chain, and neurofilament heavy chain 
IF proteins. Isolated protein samples of each 
of these IF head domains have been found to 
phase separate through the formation of labile 
cross-B structures (42). Thus, IF head domains 
share functional relatedness with the LCDs of 
certain RNA-binding proteins that self-associate 
in the form of liquid-like droplets and hydro- 
gels (8, 9). 

A solid-state NMR spectroscopy study showed 
that the head domains of the desmin and NFL 
intermediate filament proteins form labile cross-B 
structures (43). Intein ligation enabled seg- 
mental isotopic labeling, showing that the NUR 
spectra of the isolated desmin and NFL head 
domains match the spectra observed in fully 
assembled intermediate filaments. Such studies 
are inconsistent with the notion that IF head 
domains function in the absence of mole- 
cular structure, and instead showed that they 
form labile and reversible cross-B interactions. 
This concept of LCD self-association conforms 
to similar studies on the LCDs of hnRNPA2, 
yeast ataxin-2, FUS (9, 29, 44), and our find- 
ings here on TDP-43. 

The recent Zhou e¢ al. (2021) study of IF head 
domains also evaluated human mutations in 
desmin causative of cardiac deficits and in 
NFL causative of CMT disease (43). All desmin 
and NFL head domain mutations were found 
to enhance the stability of otherwise labile 


residual nuclear staining appearing aberrantly punctate. Scale bar, 20 um. 
(E) Semisynthesis of variants of the TDP-43 LCD, P320G and P320S, 
formed tangled precipitates upon tests of phase separation. Methyl 
capping of the peptide backbone nitrogen atom associated with the 
glycine residue of the P320G variant, or the peptide backbone nitrogen 
atom associated with the serine residue of the P320S variant, yielded 
proteins for which formation of phase-separated liquid-like droplets was 
restored. Scale bar, 25 um. 


cross-B interactions. Such observations com- 
port with the autosomal-dominant nature of 
the human mutations in desmin and NFL, 
and suggest that aberrantly enhanced head 
domain self-association is incompatible with 
proper intermediate filament assembly. 

The proximity of the P8 and P22 CMT 
mutations to the observed position of the 
labile cross-B structure within the NFL head 
domain is reminiscent of findings for the 
P320G, P320S, and P320A variants of the 
TDP-43 LCD (Fig. 5 and fig. S3). We reasoned 
that, as for P320 in TDP-43, residues P8 and 
P22 within the NFL head domain might locally 
buffer against the aberrant spread of cross-B 
structure. Consequently, mutations at these 
positions, which insulate cross-B structures, 
result in pathologic strengthening of head 
domain self-association. If this is true, then 
aberrant self-association may be reversed by 
eliminating the added hydrogen bond in mutant 
constructs. This idea was tested through methyl 
capping of the peptide backbone nitrogen 
atoms associated with the leucine, arginine, 
and glutamine variants of P8, as well as the 
serine, threonine, and arginine variants of P22. 


Methylation of the peptide backbone nitrogen of 
CMT-causing mutational variants restores 
normal NFL protein function 


A native chemical ligation reaction was used 
to link synthetic peptides containing single, 
N°-methyl amino acids to the remaining 517 
residues of the NFL polypeptide (Fig. 6A). 
These semisynthetic NFL proteins were puri- 
fied and incubated under conditions conducive 
to assembly of mature intermediate filaments. 
As shown in Fig. 6B, NFL proteins bearing any 
of the six CMT mutations formed amorphous 
tangles. By contrast, all six of the methyl cap- 
repaired variants formed morphologically normal 
intermediate filaments indistinguishable from 
those assembled from the native NFL protein. 

The P8Q, P8L, P8R, P22R, P22S, and P22T 
N-terminal peptides were much more prone to 
precipitation than the cognate peptide bearing 
the native sequence. Unexpectedly, the methyl- 
capped versions of these six CMT-mutated 
variants were uniformly more soluble than 
the parental substrates bearing normal pep- 
tide nitrogen atoms at the P8Q, P8L, P8R, 
P22R, P22S, and P22T positions. We turned to 
acquisition of thioflavin-T (ThT) fluorescence 
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Fig. 6. Effects of methyl-capping peptide 
backbone nitrogen atoms associated with 
disease-causing residues within the NFL head 
domain. (A) Schematic representation of the 
strategy to prepare N°-methyl amino acid 

(red color, red asterisks)—-incorporated NFL head 
domain and NFL full-length protein. Synthetic 
peptide thioesters corresponding to the 
N-terminal 25 residues of the NFL protein were 
prepared to contain (i) the native sequence of 
NFL, (ii) CMT mutational variants at position 8 or 
22, or (iii) CMT variants methyl capped at the 
peptide backbone nitrogen in the mutated amino 
acid. Native chemical ligation was used to produce 
full-length NFL protein or the isolated head 
domain bearing different synthetic peptides at the 
N terminus. (B) Full-length NFL proteins carrying 
P&L, P&8Q, and P8R variations; P22R, P22S, or 
P22T variations; or N°-methyl variants of these six 
residues were incubated under conditions recep- 
tive to the formation of intermediate filaments. 
Filament assembly was monitored by transmission 
electron microscopy. Assembly assays for all six 
CMT variants yielded tangled, amorphous precip- 
itates. Assembly assays for semisynthetic CMT 
variants containing a methyl-capped nitrogen 
(P&meL, P8meQ, P8meR, P22meR, P22meS, and 
P22meT) yielded homogeneous intermediate fila- 
ments indistinguishable from those made from 
the native NFL protein (WT). Scale bar, 200 nm. 
(C) Synthetic peptides used to generate semi- 
synthetic, full-length NFL proteins were assayed 
for polymerization as monitored by acquisition 

of ThT fluorescence. All six peptides bearing a 
CMT-causing lesion (P8L, P8Q, P8R, P22R, 

P22S, and P22T) yielded ThT curves indicative of 
time-dependent polymerization. No evidence of 
polymerization was observed for the parental 
peptide (WT) or for any of the six CMT-causing 
variants (P8meL, P8meQ, P&meR, P22meR, 
P22meS, and P22meT) that were modified to 
methyl cap the peptide backbone nitrogen atom of 
the variant amino acid residue. 


to evaluate the kinetics of peptide aggregation 
(Fig. 6C). The peptide containing the native 
NFL sequence showed no evidence of poly- 
merization, as revealed by a time-dependent in- 
crease in ThT fluorescence. By contrast, peptides 
containing each of the six CMT-causing varia- 
tions within the NFL head domain showed 
prominent ThT curves. In the case of all six 


CMT mutants, methyl capping of the peptide 
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backbone nitrogen atom associated with the 
variant amino acids completely eliminated 
peptide polymerization. 

Three of the variant peptides, P8L, P8Q, 
and P8R, became insoluble immediately upon 
dilution into aqueous buffer, thus preventing 
assays of time-dependent polymerization. The 
problem of insolubility was overcome by per- 
forming ThT assays in the presence of either 
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1M urea (for P8Q and P8R) or 2 M urea (for 
P8L). All other peptides were assayed in normal 
aqueous buffer. 

Enhanced peptide polymerization (Fig. 6C) 
and aberrant IF assembly (Fig. 6B) were 
assumed to result from mutation-directed 
strengthening of NFL head domain self- 
association. To test this prediction, synthetic 
peptides carrying the P8Q and P22S mutations, 
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Fig. 7. Effects of eliminating main-chain hydrogen bonding using amide- 
to-ester substitutions in the peptide backbone and effects of replacing 
proline 8 of the NFL head domain with dmP. (A) Structures of synthetic 
peptides with chemical variation at residue P8 of the NFL head domain 
highlighted in red. Synthetic peptides were prepared by replacing residue P8 
of the NFL head domain with leucine, L-leucic acid, or dmP. (B) Semisynthetic, 
full-length NFL proteins bearing the structures shown in (A) were assayed 

for assembly of bona fide intermediate filaments. Reconstruction of the 

P8L CMT variant yielded tangled, amorphous precipitates. Amide-to-ester 
backbone substitution at leucine residue 8 (P8esL), which thus eliminated a 


or N°-methyl derivatives thereof, were ligated 
to the remainder of the NFL head domain 
(Fig. 6A). Ligation products were purified 
and incubated under conditions known to dis- 
tinguish between the solubility of the native 
head domain of NFL relative to CMT muta- 
tional variants (43). As shown in fig. S5, the 
native NFL head domain was soluble under 
such conditions, variants carrying either the 
P8Q or P22S mutations were not, and methyl 
capping of the peptide backbone nitrogen 
atoms associated with P8Q and P22S fully 
restored solubility. 


Esterification of the peptide bond associated 
with the P8L CMT variant of the NFL head 
domain restores normal protein function 


We propose that each of the three variants at 
the P8 position, as well as the three variants at 
the P22 position, cause the strengthening 
of an otherwise labile and transient cross-B 
structure useful for NFL head domain self- 


Zhou et al., Science 377, eabn5582 (2022) 1 July 2022 


° fs) 
H H 
N. N. 
ag ‘i s 
Ra H Ru 


wild type L-leucine (L) 


P8L 


10 20 


Time (h) 


30 
Time (h) 


filaments indistinguishable 


showed no evidence of po! 


assembly. Enhanced strength of self-association 
is interpreted to result from an extended hy- 
drogen bond network, and this extension is 
prevented by methyl capping of the peptide 
backbone nitrogen atoms associated with 
the variant amino acid residues. To further 
probe this concept, we used a different chem- 
ical approach to prevent hydrogen bonding 
by one of the variant amino acid residues. 
Instead of methyl capping the peptide back- 
bone nitrogen associated with the leucine 
residue of the P8L CMT mutant, we replaced 
the peptide backbone nitrogen with oxygen 
(Fig. 7A). 

A synthetic peptide bearing an amide-to-ester 
backbone substitution at the P8L site was 
ligated to the remainder of the NFL protein. 
The semisynthetic protein was purified and 
incubated under conditions suitable for the 
assembly of intermediate filaments. As shown 
in Fig. 7B, this amide-to-ester variant formed 
intermediate filaments indistinguishable from 
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hydrogen bond donor from this site, facilitated assembly of intermediate 


from those assembled from the native NFL protein. 


Replacement of residue P8 with dmP (P8dmP) allowed assembly of homoge- 
neous intermediate filaments morphologically indistinguishable from those 
produced by the native protein (WT). Scale bar, 200 nm. (C) Synthetic peptides 
used to generate full-length NFL proteins were assayed for polymerization as 
monitored by acquisition of ThT fluorescence. The P8L CMT variant peptide 
exhibited clear evidence of polymerization not observed for the parental peptide 
bearing the native sequence of NFL (WT). The WT, P8esL, and P8dmP peptides 


ymerization. 


those assembled from the native NFL protein. 
Thus, esterification at the appropriate position 
of the polypeptide chain repaired the P8L deficit 
to an extent indistinguishable from methyl cap- 
ping of the P8L peptide backbone nitrogen. We 
further observed that the amide-to-ester sub- 
stitution fully solubilized the P8L synthetic 
peptide, as determined by time-dependent 
acquisition of ThT fluorescence (Fig. 7C). 


dmP functionally replaces residue P8 of the 
NFL head domain 


Other than being the sole amino acid inca- 
pable of forming main-chain hydrogen bonds, 
proline is also notable for its ability to adopt 
either the cis or trans peptide bond confor- 
mation. To investigate the potential impor- 
tance of this chemical feature of proline, we 
replaced residue P8 of the NFL head domain 
with 5,5-dimethyl-L-proline (dmP) (Fig. 7A). 
Relative to the normal proline side chain, dmP 
strongly prefers the czs conformation (45). 
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Fig. 8. Restorative effects of eliminating main-chain hydrogen bonding by 
methyl-capping of peptide backbone nitrogen atoms of the P301S, P301T, and 
P301L mutational variants of tau. (A) Left, schematic of the tau (2N4R) protein 
with the position of the synthetic tau peptide (residues 295 to 311) and three 
disease-causing variants (P301S, P301T, and P301L) highlighted with red asterisks. 
Right, chemical structures of the trans (2S,4R; P-trans) or cis (2S,4S; P-cis) 
conformer of 4-fluoroproline. (B) Tau peptides with native sequence of tau residues 
295 to 311 (WT), disease-causing variants (P301S, P301T, and P301L), methyl- 
capped forms of the three disease-causing variants (P301meS, P301meT, and 
P301meL), and P-trans and P-cis conformer variants were synthesized 

and assayed for polymerization as monitored by acquisition of ThT fluorescence. 
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Each of the disease-causing variants led to strong increases in ThT fluorescence 
relative to WT. No such increase was observed if the peptide backbone nitrogen 
atoms associated with the disease-variant residues were methyl capped. No 
nhancement of ThT fluorescence was observed for peptides in which residue 
301 was replaced by either the P-trans or P-cis conformer of 4-fluoroproline. 
C) Each of the peptides bearing a disease-causing substitution (P301S, P301T, 
nd P301L) led to the formation of distinct aggregates upon assay in the tau 
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istinct aggregates in the biosensor cells. Scale bar, 50 um. 
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A synthetic peptide carrying dmP at residue 
8 was ligated to the remainder of NFL. The 
purified ligation product was tested for the 
capacity of the semisynthetic protein to as- 
semble into intermediate filaments. As shown 
in Fig. 7B, the dmP derivative assembled into 
intermediate filaments indistinguishable from 
those formed from the native NFL protein. 
Consistently, the dmP-containing peptide 
was equally soluble to the native peptide 
corresponding to the first 25 residues of 
the NFL head domain, as assayed by time- 
dependent acquisition of ThT fluorescence 
(Fig. 7C). These experiments provide no evi- 
dence that restriction of residue P8 of the NFL 
head domain to its cis conformation has any 
effect on protein function. 

The rescue experiments of Fig. 6 strongly 
suggest that no aspect of residues P8 or P22 of 
the NFL polypeptide, other than their inability 
to participate in main-chain hydrogen bond- 
ing, is of substantive relevance to function of 
the NFL head domain. Any of three different 
amino acids, leucine, glutamine, or arginine, 
can substitute for P8 so long as their peptide 
backbone nitrogen atom is methylated. Like- 
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wise, arginine, serine, or threonine residues 
can functionally substitute for P22 so long 
as their peptide backbone nitrogen atom is 
methylated. Given the substantive differences 
between the chemical scaffolds of leucine, 
glutamine, arginine, serine, and threonine 
relative to that of proline, we conclude that 
our observations of functional rescue are likely 
attributable to removing hydrogen-bonding 
capacity. 


Methylation of the peptide backbone nitrogen of 
tau mutational variants restores protein solubility 


With this insight into why mutation of NFL 
to several other amino acids in place of P8 or 
P22 manifests in a biochemical sense, we 
looked for similarly idiosyncratic proline muta- 
tions causative of neurodegenerative disease. 
Perhaps the most penetrant mutation of the 
cytoplasmic tau protein causative of neuro- 
degenerative disease maps to residue P301. 
Disease-causing changes of this P301 residue 
include substitution by leucine, serine, or 
threonine (46-50). Knowing that tau muta- 
tions prompt formation of amyloid-like aggre- 
gates (51, 52), we reasoned that P301 might 


insulate against the spread of localized cross-B 
structure in the normal protein. 

Previous studies have already provided com- 
pelling evidence that synthetic peptides cor- 
responding to residues 295 to 311 of tau gain a 
strong propensity to aggregate if residue P301 
is changed to either leucine or serine (52). The 
importance of peptide backbone rotation was 
favored based on the differential effects of 
substituting proline with either the cis (2S,4S) 
or trans (2S,4R) conformer of 4-fluoroproline 
(Fig. 8A) (53). The latter conformer was reported 
to favor peptide aggregation in a manner similar 
to the P301L and P301S mutations. 

We prepared these same peptides, spanning 
residues 295 to 311 of the tau polypeptide, and 
confirmed that the P301L, P301S, and P301T 
mutations profoundly affected solubility rela- 
tive to the peptide bearing the native tau 
sequence, as deduced by ThT fluorescence. We 
failed, however, to observe any difference in 
peptide solubility when either the cis or trans 
conformer of 4-fluoroproline was used in place 
of proline at residue 301 (Fig. 8B). 

Extending from these observations, we pre- 
pared peptide derivatives in which a methyl 
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Fig. 9. Restorative effect of eliminating the main-chain hydrogen bond 
by methyl capping the peptide backbone nitrogen atom of the P298L 
mutational variant of hnRNPAZ2. (A) Top, schematic representation of the 
hnRNPA2 LCD with the position of the disease-causing mutant P298L (red 
asterisk) and self-association core region (dark blue shading) highlighted. 
Below is an outline of the strategy to prepare semisynthetic variants of the 
full-length LCD of hnRNPA2. (B) The assembled hnRNPA2 LCDs containing 
the native sequence (WT), P298L variant, and P298meL variant were tested 
for phase separation in an aqueous buffer. WT hnRNPA2 LCD formed 


spherical, liquid-like droplets (left). The P298L variant formed distinctly 
misshapen droplets (middle). The P298meL variant formed spherical droplets 
indistinguishable from those formed by the native protein (right). Scale bar, 
25 um. (C) Synthetic peptides used to assemble semisynthetic proteins 
assayed in (B) were incubated in the presence of ThT as an assay of time- 
dependent polymerization. No evidence of fluorescence increase was 
observed for WT peptide. A large, time-dependent increase in ThT 
fluorescence was observed for the P298L peptide, and no fluorescence 
increase was observed for the P298meL peptide. 


cap was placed on the peptide backbone nitro- 
gen atom of the leucine, serine, or threonine 
mutational variant residues. As shown in Fig. 
8B, the methyl-capped derivatives of all three 
tau variant peptides regained solubility indis- 
tinguishable from the native tau peptide. 

Moving from test tube reactions to living 
cells, we used a tau biosensor cell line express- 
ing tau-CFP and tau-YFP. The fluorescent tau 
protein in these cells is homogeneously distrib- 
uted yet can be converted to a punctate distri- 
bution when the cells are exposed to pathological 
tau aggregates (54, 55). Each of the tau pep- 
tides studied in biochemical assays (Fig. 8B) 
was internalized by lipofection into the tau 
biosensor cell line. As shown in Fig. 8C, the 
native tau peptide did not affect the intra- 
cellular distribution of fluorescent tau, nor 
did peptide variants carrying either conformer 
of 4-fluroproline. Peptides corresponding to 
the P301L, P301S, and P301T mutations, upon 
introduction into the tau biosensor cells, led 
to aggregation of the endogenous tau pro- 
tein. Finally, synthetic peptide variants of the 
P301L, P301S, and P301T mutants bearing a 
methyl cap on the leucine, serine, or threonine 
residue caused no detectable aggregation of 
endogenous tau. 


Zhou et al., Science 377, eabn5582 (2022) 1 July 2022 


Methylation of the peptide backbone nitrogen 

of an hnRNPA2 mutational variant restores 
protein function 

We also examined the familial, early-onset 
Paget’s disease mutation of residue P298 in 
the gene encoding hnRNPA2 (56). Our atten- 
tion to this mutation, aside from its altering of 
a conserved proline residue, came from the 
fact that the mutation is located within an 
LCD long understood to self-associate in a 
manner leading to phase separation. Indeed, 
the P298L Paget’s disease mutation is located 
in the middle of the labile cross-B core of the 
hnRNPA2 protein, as characterized by bio- 
chemical footprinting, solid-state NMR spec- 
troscopy, and cryo-EM (56-58). 

A three-piece native chemical ligation strategy 
was implemented to incorporate a synthetic 
peptide encompassing the site of the P298L 
mutation into the remainder of the hnhRNPA2 
LCD (Fig. 9A). Reconstruction of the native 
hnRNPA2 LCD yielded a protein that phase 
separated into spherical, liquid-like droplets. 
The reconstructed variant carrying the P298L 
mutation formed distinctly misshapen drop- 
lets, as has been observed by other inves- 
tigators (59). Methyl capping of the variant 
leucine residue yielded a protein that phase 


separated into spherical, liquid-like droplets 
indistinguishable from those made by the 
native hnRNPA2 LCD (Fig. 9B). 

To further evaluate variant-mediated en- 
hancement of self-association of the hnRNPA2 
LCD, we monitored the time-dependent 
acquisition of ThT fluorescence. The same 
20-residue peptides used to assemble the 
intact LCD of hnRNPA2 assayed in Fig. 9B 
were incubated in the presence of ThT. 
Neither the peptide bearing the native se- 
quence nor that bearing a methyl cap on the 
leucine residue of the P298L variant exhibited 
any evidence of polymerization. By contrast, 
the P298L peptide exhibited robust, time- 
dependent acquisition of ThT fluorescence 
(Fig. 9C). 

As in the cases of the other nine mutations 
evaluated in this study, removing the capacity 
for main-chain hydrogen bonding for the 
leucine residue of the P298L variant fully 
restored properly balanced self-associative 
capacity to the hnRNPA2 LCD. This conclu- 
sion can be drawn from assays of both phase 
separation of the intact LCD (Fig. 9B) and 
peptide polymerization as visualized by time- 
dependent acquisition of ThT flourescence 
(Fig. 9C). 
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Discussion 

We have applied a combination of biochemical 
and genetic approaches to the study of LCD 
function. These efforts allowed us to system- 
atically evaluate the importance of 23 peptide 
backbone amide protons within the TDP-43 
LCD for the formation of phase-separated 
liquid-like droplets. Denial of hydrogen-bonding 
capacity in a localized region of the TDP-43 
LCD distinctly weakened protein self-association. 
This region of sensitivity to the focused removal 
of main-chain hydrogen bonds falls within a 
known cross-f structure. 

Our findings comport with the proposed 
involvement of a small cross-f structure in 
self-association and phase separation by the 
TDP-43 LCD, and conform to previous studies 
of the FUS, hnRNPAQ, and ataxin-2 LCDs that 
also use labile cross-B structures, accounting 
for the mechanistic basis of phase separation 
(9, 29, 44, 60). These data further agree with 
studies of the LC head domains functionally 
essential for assembly of the desmin and NFL 
intermediate filament proteins (42, 43) and 
the LC tail domain of the Drosophila melano- 
gaster TM1-1/C protein essential for the forma- 
tion of germ granules located at the posterior 
tip of fly eggs (67). 

In addition to studies focused on main-chain 
hydrogen bonding, glycine-scanning mutagen- 
esis experiments were performed to assess 
the importance of amino acid side chains to 
the phenomena of LCD self-association and 
phase separation. The results confirm the 
importance of many amino acid side chains, 
particularly those proximal to the region of 
the TDP-43 LCD that is both protected from 
methionine oxidation in the self-associated 
state and responsible for formation of the 
cross-B structure. 

Whereas the same region of the TDP-43 
LCD is sensitive to systematic elimination of 
the capacity for main-chain hydrogen bonding 
(Fig. 2 and fig. S1) and systematic variation of 
side chains (Fig. 4 and fig. S2), close inspection 
of the data reveals that the different methods 
of disruption led to different trends. If a va- 
riant resulting from peptide backbone meth- 
ylation had any phenotypic effect on phase 
separation, then the effect universally weakened 
liquid-like droplets (Fig. 2 and fig. S1). By 
contrast, many side chain variants caused the 
formation of droplets or aggregates that were 
more urea resistant than those formed by the 
native TDP-43 LCD. 

Asecond difference between variants made 
by the two approaches was observed for droplet 
morphology. Preventing single main-chain hy- 
drogen bonds tended to yield liquid-like drop- 
lets with normal spherical morphology. Almost 
all side chain variants with phenotypic effects 
either yielded droplets with misshapen mor- 
phology or amorphous precipitates, as exem- 
plified by the P320G variant. We suggest that 
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spherically homogeneous droplet morphology 
may represent a surrogate assay for formation 
of the properly organized molecular assembly. 

Serendipitously, we discovered the impor- 
tance of residue P320. We propose that by 
lacking the backbone amide proton essential 
for main-chain hydrogen bonding, P320 attenu- 
ates the network of hydrogen bonds used to 
form a small and labile cross-B structure located 
in the ultraconserved region of the TDP-43 LCD. 
Having noticed B strands on both sides of P320 
in cryo-EM structures (Fig. 2F), we propose that 
restoration of the capacity for main-chain hy- 
drogen bonding at this position might allow 
for the formation of a long and aberrantly 
stable cross-B structure. The properties of this 
aberrant structure are predicted to drive ag- 
gregation that restricts TDP-43 to the cyto- 
plasm and kills cultured mammalian cells. 

Recognition of the importance of proline 
320 to the proper balance of self-association 
by the TDP-43 LCD led to focused studies of 
10 idiosyncratic proline mutations causative 
of human disease. All 10 mutations localize to 
one of four proline residues, two in the head 
domain of NFL, one in tau, and one in hnRNPA2. 
Functional assays of the NFL, tau, and hnRNPA2 
proteins allowed us to investigate how mutations 
of these four proline residues might manifest 
at a mechanistic level. In all 10 cases, we were 
able to functionally repair the mutation-specified 
variant proteins by eliminating the capacity of 
the variant amino acid residue to participate 
in main-chain hydrogen bonding. 

These studies revealed functional rescue of 
the NFL P8L variant by either methylation of 
the peptide backbone nitrogen of the variant 
leucine residue or replacement of this nitro- 
gen with oxygen. Amide nitrogen methylation 
can influence phi:psi angles of the peptide 
backbone (62). It is likewise possible that the 
amide-to-ester chemical change might influ- 
ence protein function in some manner other 
than elimination of the capacity for hydro- 
gen bonding. That both backbone nitrogen 
methylation and esterification resulted in 
full correction of protein function favors the 
parsimonious conclusion that both chemical 
modifications manifest restorative activity by 
eliminating the capacity for hydrogen bonding. 

The results reported herein help to bridge 
human genetics and biochemistry. If our in- 
terpretations are correct, then we are now 
able to understand how the variant proteins 
encoded by certain proline mutations change 
the properties of the LCD in which they reside. 
Our experiments should also facilitate bioin- 
formatic searches for similarly idiosyncratic 
proline mutations described by geneticists 
over the past several decades. We predict 
that if a proline residue is the locus of recur- 
rent mutations, if the mutations are domi- 
nant, and if the mutations lie within an LCD, 
then the mechanistic basis for their deleteri- 


ous effects might match what we describe for 
mutations in NFL, tau, and hnRNPA2. 

Here, we began with biochemical experi- 
ments and leveraged the knowledge gained 
to examine disease mutations identified by 
human genetics. Overall, our results yield a 
common interpretation. Protein domains of 
low sequence complexity self-associate through 
the formation of labile structures poised at the 
threshold of equilibrium. Despite their labile 
nature, there is sequence specificity to the 
formation of these structures. This specific- 
ity is dictated by the cardinal rules of struc- 
tural biology taught to us by Pauling, Perutz, 
Kendrew, and the icons of x-ray crystallogra- 
phy. Our interpretations give evidence that 
evolution of LCDs has favored the formation 
of protein chains designed to self-associate 
weakly. Deleterious effects result if these do- 
mains bear mutation-specified variation causa- 
tive of enhanced self-association. 

These and previous studies have mapped 
the regions responsible for LCD self-association 
to relatively small cross-f cores constituting no 
more than a fraction of the intact LCD. Once 
these localized cross-B cores self-associate, 
the remaining regions of the LCD dangle off 
in an unstructured state. Others have sug- 
gested how these unstructured regions that 
flank the transiently formed cross-B elements 
of LCDs might be of biological utility. Tyrosine, 
phenylalanine, or methionine residues might 
function as adhesive “stickers” to facilitate non- 
specific interactions with other LCDs (63), thus 
allowing the self-assembled cross-f core to 
nucleate a larger and more complex assembly. 
It is likewise possible that small sequence 
elements designated LARKS (low-complexity 
aromatic-rich kinked segments) may facilitate 
biologically useful tertiary interactions (64). 

The disease-associated mutational variants 
of the NFL head domain and the hnRNPA2 
LCD studied herein localize to cross-f cores, 
not to the unstructured protein regions located 
outside of the cores. Core-proximal ALS- 
causing mutations have also been characterized 
for FUS, hnRNPA1, hnRNPDL, and a mutational 
variant of hnRNPA2 different from that char- 
acterized in this study (57, 65). A polypeptide 
region that exists in conformational equilib- 
rium between a folded and unfolded state 
could have the folded state stabilized by a single 
missense mutation. By contrast, we predict that 
the opportunity for mutational variants to in- 
fluence LCD function is diminished if they occur 
in polypeptide regions that do not specify labile, 
structure-based self-association. 

All cross-B interactions allowing for LCD 
self-association reported to date are organ- 
ized in a parallel, “in-register” conformation 
(27, 29, 32, 61, 66). This organization aligns 
each residue along the self-interacting inter- 
face with its sister residue of the paired poly- 
peptide chain. Despite the fact that hydrogen 
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bonding along the polypeptide main chain 
contributes significant interaction energy to 
each structure, amino acid side chains are un- 
doubtedly important both for interaction spe- 
cificity and properly tuned avidity. Given the 
small sizes of the cross-b-forming regions, 
coupled with the uniform, in-register geom- 
etry of pairing, it may someday be possible to 
deduce an interaction code that will allow for 
computational identification of the regions of 
LCDs responsible for self-interaction. 

We close with two considerations. First, the 
labile interactions conceptualized in this and 
other studies of LCD self-association likely 
assist in thousands of different cellular pro- 
cesses. Second, the labile and reversible nature 
of these interactions frequently leaves LCDs 
in an unstructured state readily accessible 
for almost any form of posttranslational 
modification. The combination of these 
features raises the possibility that many 
forms of dynamic cell behavior may be con- 
trolled by regulatory events directly operative 
upon LCDs. 


Materials and Methods 
Molecular cloning 


Standard gene cloning and mutagenesis strat- 
egies were used to generate expression con- 
structs for all recombinant proteins. 

For plasmid constructs used in the glycine 
mutagenesis scanning experiment, wild-type 
TDP-43 LCD (residues 262 to 414) and its 
variants were cloned into pHis-parallel vector 
to yield His-TDP-43 LCD constructs. Recom- 
binant GyrA intein fusion fragments of the 
TDP-43 LCD that were required for expressed 
protein ligation were cloned into the pHis- 
parallel vector. The complete scan required 
two distinct three-piece ligation strategies and 
thus two separate intein fusion fragments 
(strategy A, piece 1, residues 262 to 314; 
strategy b, piece 1, residues 262 to 326) of the 
TDP-43 LCD. The two separate, recombinant 
piece three constructs (strategy A, piece 3, resi- 
dues 328 to 414; strategy B, piece 3, residues 341 
to 414) of the TDP-43 LCD were fused with a 
6xHis-SUMO tag at the N terminus and a GryA 
intein at the C terminus in pET-28a vector. 
Wild type (WT) TDP-43 and mutant constructs 
for transient transfection of cultured U20S 
cells were cloned as N-terminal GFP fusions 
in the pCDNA 3.1 vector with an N-terminal 
FLAG tag. For stable, inducible TDP-43 ex- 
pression in mammalian cells, full-length WT, 
P320G, and M337V were constructed in the 
CMV mammalian expression vector contain- 
ing the Tet operator and an N-terminal FLAG- 
GFP tag. 

For native chemical ligation-compatible 
NFL fragments, an N-terminal 6x His-GFP tag 
was fused to constructs that would ultimately 
yield the head domain (residues 27 to 87) and 
full-length (residues 27 to 543) constructs. A 
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caspase 3 cleavage site (GDEVDC) was inserted 
between the GFP and NFL fragments such that 
digestion would yield NFL fragments bearing 
an N-terminal cysteine at amino acid position 
27. These constructs were built into the pHis- 
parallel vector. 

The hnRNPA2-intein fusion fragment 
(hnRNPA2 residues 181 to 284 with a C-terminal 
GyrA intein fusion) was inserted in the pHis- 
parallel vector. A 6xHis tag was appended to 
the C terminus, and the N-terminal 6xHis tag 
was omitted during cloning. The N-terminal 
6xHis-tagged WT hnRNPA2 LCD (residues 
181 to 341) and its variants were made by 
inserting the LCD fragment into the pHis- 
parallel vector. 


Recombinant TDP-43 piece 1 and piece 
3 sequences 


Strategy 1, piece 1: 6xHis-TDP-43 (residues 
262 to 314)SYYHHHHHHDYDIPTTENLYFQ- 
GAMDPEFPKHNSNRQLERSGRFGGNPGGF- 
GNQGGFGNSRGGGAGLGNNQGSNMGGGM- 
NFG-thioesterStrategy 2, piece 1: 6xHis-TDP- 
43 (residues 262 to 327)SSYYHHHHHHDY- 
DIPTTENLYFQGAMDPEFPKHNSNRQLER- 
SGRFGGNPGGFGNQGGFGNSRGGGAGLGN- 
NQGSNMGGGMNFGAFSINPAMMAAAQA- 
thioesterStrategy 1, piece 3: TDP-43 (residues 
329 to 414; A329C)CLQSSWGMMGMLASQ- 
QNQSGPSGNNQNQGNMQREPNQAFGSGN- 
NSYSGSNSGAAIGWGSASNAGSGSGFNGGF- 
GSSMDSKSSGWGMsStrategy 2, piece 3: TDP- 
43 (residues 341 to 414; A341C)CSQQNQSGP- 
SGNNQNQGNMQREPNQAFGSGNNSYSGSN- 
SGAAIGWGSASNAGSGSGFNGGFGSSMDS- 
KSSGWGM. 


Recombinant NFL and hnRNPA2 
fragment sequences 


hnRNPA2 (residues: 181 to 284) MQEVQSSRS- 
GRGGNFGFGDSRGGGGNFGPGPGSNFRGG- 
SDGYGSGRGFGDGYNGYGGGPGGGNFGGS- 
PGYGGGRGGYGGGGPGYGNQGGGYGGGYD- 
NYGGGNYG-thioesterNFL (S27C, residues 27 
to 86, for head domain assembly)CSVRSGYS- 
TARSAYSSYSAPVSSSLSVRRSYSSSSGSLMPS- 
LENLDLSQVAAISNDLKSINFL (S27C, residues 
27 to 548, for full length assembly)CSVRSGYS- 
TARSAYSSYSAPVSSSLSVRRSYSSSSGSLMP- 
SLENLDLSQVAAISNDLKSIRTQEKAQLQDL- 
NDRFASFIERVHELEQQNKVLEAELLVLRQ- 
KHSEPSRFRALYEQEIRDLRLAAEDATNEK- 
QALQGEREGLEETLRNLQARYEEEVLSRE- 
DAEGRLMEARKGADEAALARAELEKRID- 
SLMDEISFLKKVHEEEIAELQAQIQYAQIS- 
VEMDVTKPDLSAALKDIRAQYEKLAAKN- 
MQNAEEWFKSRFTVLTESAAKNTDAVRA- 
AKDEVSESRRLLKAKTLEIEACRGMNEA- 
LEKQLQELEDKQNADISAMQDTINKLEN- 
ELRTTKSEMARYLKEYQDLLNVKMALDI- 
EIAAYRKLLEGEETRLSFTSVGSITSGYSQS- 
SQVFGRSAYGGLQTSSYLMSTRSFPSYYT- 
SHVQEEQIEVEETIEAAKAEEAKDEPPSE- 


GEAEEEEKDKEEAEEEEAAEEEEAAKEE- 
SEEAKEEEEGGEGEEGEETKEAEEEEKK- 
VEGAGEEQAAKKKD. 


Recombinant protein expression 
and purification 


All recombinant proteins used in this study 
were expressed in Escherichia coli BL21 (DE3) 
cells grown to an optical density at 600 nm of 
0.6 in LB medium. 

Expression of His-TDP-43 LCD proteins and 
piece 1 proteins were induced with 0.8 mM 
isopropyl-B-p-thiogalactopyranoside (IPTG) at 
37°C for 4 hours. Expression of piece 3 pro- 
teins was induced with 0.6 mM IPTG at 16°C 
for 16 hours. The cells were harvested by cen- 
trifugation at 4000g for 15 min. 

Expression of NFL proteins was induced 
with 0.6 mM IPTG at 16°C for 16 hours. Cells 
were harvested by centrifugation at 4000g 
for 15 min. The hnRNPA2 LCD proteins were 
expressed by the addition of 0.8 IPTG at 37°C, 
and cells were harvested after 4 hours. 

For purification of His-TDP-43 LCD WT and 
its variants, the cell pellets were resuspended 
in buffer A containing 25 mM Tris-HCl (pH 77.5), 
200 mM NaCl, 6 M guanidine-HCl, 10 mM 
6-mercaptoethanol (B-ME), and 20 mM imid- 
azole, and then disrupted by sonication. The 
cell lysates were clarified by centrifugation at 
40,000g for 50 min. Supernatant was then 
applied to Ni?*-NTA resin (Qiagen), and the 
column washed with buffer A and eluted with 
buffer A supplemented with 300 mM imidazole. 
Pure protein was concentrated by centrifugal 
filtration (Amicon Ultra-15) and samples were 
aliquoted, flash frozen, and stored at -80°C for 
future use. 

For purification of recombinant TDP-43 
LCD piece 1 protein thioesters, the cell pellets 
were resuspended in buffer B, containing 
25 mM potassium phosphate (pH 7.2), 150 mM 
NaCl, 8 M urea, 1 mM tris(2-carboxyethyl) 
phosphine (TCEP), and 20 mM imidazole, 
and then disrupted by sonication. The result- 
ing cell lysates were centrifuged at 40,000g 
for 50 min. The supernatants were applied 
to Ni?*-NTA resin (Qiagen), and the column 
was washed with buffer B and eluted with 
buffer B supplemented with 300 mM imid- 
azole. The purified protein was refolded by 
overnight dialysis against a buffer containing 
25 mM potassium phosphate (pH 7.2), 150 mM 
NaCl, 1 M urea, and 1 mM TCEP. The refolded 
protein was centrifugated at 4000g for 30 min 
to remove precipitation, and the supernatant 
was supplemented with 300 mM MES-Na, 
and 10 mM TCEP, adjusted to pH 7.0, and 
incubated at room temperature for 16 hours 
to achieve thiolysis. After thiolysis, the protein 
solution was centrifuged at 4000g for 30 min 
to isolate precipitation. Precipitated protein 
was resolubilized in a buffer containing 25 mM 
potassium phosphate (pH 7.2), 150 mM NaCl, 
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6M guanidine-HCl, and 1 mM TCEP, and then 
combined with the supernatant fraction and 
loaded onto Ni?*-NTA resin. The column was 
washed with a buffer containing 25 mM potas- 
sium phosphate (pH 7.2), 150 mM NaCl, 6 M 
guanidine-HCl, 1 mM TCEP, and 20 mM imi- 
dazole to remove unbound proteins. Piece 
1 thioester was then eluted with the same 
buffer supplemented with 300 mM imidazole. 
The eluted piece 1 fragment was supplemented 
with 1% trifluoroacetic acid (TFA) and purified 
by reverse-phase (RP)-HPLC (C4 preparative 
column). Fractions were analyzed by RP-HPLC 
and intact electrospray ionization mass spec- 
trometry (ESI-MS), and pure fractions were 
lyophilized. 

For purification of recombinant TDP-43 
LCD piece 3 constructs, the cell pellets were 
resuspended in buffer C containing 25 mM 
potassium phosphate (pH 7.2), 150 mM NaCl, 
2M urea, 1 mM TCEP, and 20 mM imidazole, 
and then disrupted by sonication. The cell 
lysates were clarified by centrifugation at 
40,000g for 50 min, supernatants were applied 
to Ni®?*-NTA resin, and the column was 
washed with buffer C and eluted with buffer C 
supplemented with 300 mM imidazole. The 
eluted proteins were dialyzed against buffer C 
without imidazole for 3 hours to remove imi- 
dazole. After dialysis, Ulp1 enzyme was added 
to the protein solution for 1 hour to remove 
the SUMO tag, and 200 mM £-ME was added 
for 16 hours to achieve GryA fusion hydrolysis. 
The solution was passed over Ni?*-NTA resin 
to capture cleaved SUMO and GryA proteins. 
Flow-through containing piece 3 was collected, 
supplemented with 1% TFA, and purified by 
HPLC (C4 preparative column). Fractions were 
analyzed by RP-HPLC, and intact ESI-MS and 
pure fractions were lyophilized. 

For purification of NFL fragments, the cell 
pellets were resuspended in a lysis buffer 
containing 25 mM Tris-HCl (pH 7.5), 150 mM 
NaCl, 2 M urea, 5 mM B-ME, and 20 mM 
imidazole, and then disrupted by sonication. 
The cell lysates were clarified by centrifuga- 
tion at 36,000g for 50 min, supernatants 
were applied to Ni’*-NTA resin (Qiagen), 
and the column was washed with the lysis 
buffer and eluted with lysis buffer supple- 
mented with 300 mM imidazole. The eluted 
proteins were dialyzed against lysis buffer 
without imidazole for 3 hours. The caspase-3 
enzyme was then added to the protein solu- 
tion for 2 hours to cleave the GFP tag while 
generating the N-terminal cysteine. The pro- 
tein solution was again passed over Ni?*-NTA 
resin to capture the GFP fusion tag and any 
undigested protein. Flow-through containing 
NFL fragments was collected, supplemented 
with 1% TFA, and purified by RP-HPLC (C4 
preparative column). Purity was determined 
by analytical RP-HPLC and ESI-MS, and pure 


fractions were pooled and lyophilized. 
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For purification of the hnaRNPA2 LCD frag- 
ment, the cell pellet was resuspended in a lysis 
buffer containing 25 mM potassium phosphate 
(pH 7.2), 150 mM NaCl, 8 M urea, 1 mM TCEP, 
and 20 mM imidazole, and then disrupted by 
sonication. The resulting cell lysates were cen- 
trifugated at 40,000g for 50 min. The super- 
natants were applied to Ni?*-NTA resin, and 
the column was washed with lysis buffer and 
eluted with lysis buffer supplemented with 
300 mM imidazole. The purified protein was 
refolded by overnight dialysis against a buf- 
fer containing 25 mM potassium phosphate 
(pH 7.2), 150 mM NaCl, 1 M urea, and 1 mM 
TCEP. The refolded protein was then cen- 
trifugated at 4000g for 30 min to remove any 
precipitates, and the cleared supernatant was 
supplemented with 300 mM MES-Na and in- 
cubated at room temperature for 16 hours. 
After the GryA thiolysis reaction, the protein 
solution was centrifuged at 4000g for 30 min 
to pellet any precipitate. The precipitated pro- 
tein was resolubilized by a buffer containing 
25 mM potassium phosphate (pH 7.2), 150 mM 
NaCl, 6 M guanidine-HCl, and 1 mM TCEP, 
and then combined with the supernatant frac- 
tion and loaded on Ni®*-NTA resin. The 
flow-through containing free hnaRNPA2 LCD 
fragment was collected, supplemented with 
1% TFA, and purified by RP-HPLC. Purity 
was determined by analytical RP-HPLC and 
ESI-MS, and pure fractions were pooled and 
lyophilized. 


Preparation of SEA resin 


Bis(2-sulfanylethyl)amido (SEA) polystyrene 
resin was made following the protocol from 
Ollivier et al. (67).Piece 2 TDP-43 peptides with 
C-terminal SEA (strategy 1, residues 315 to 
328; strategy 2, residues 328 to 340). 


Strategy 1, piece 2 peptides 


Sequence of TDP-43 WT (residues 315 to 328, 
A315Thz)-SEA: Thz-FSINPAMMAAAQA-SEA- 
Sequence of TDP-43 F316meF (residues 315 
to 328, A315Thz, F316meF)-SEA: Thz-meF- 
SINPAMMAAAQA-SEASequence of TDP-43 
$317meS (residues 315 to 328, A315Thz, 
S$317MeS)-SEA: Thz-FmeSINPAMMAAAQA- 
SEASequence of TDP-43 I318melI (residues 
315 to 328, A315Thz, 1318Mel)-SEA: Thz- 
FSmeINPAMMAAAQA-SEASequence of TDP- 
43 N319meN (residues 315 to 328, A315Thz, 
N319meN)-SEA: Thz-FSImeNPAMMAAAQA- 
SEASequence of TDP-43 A321meA (residues 
315 to 328, A315Thz, A321meA)-SEA: Thz- 
FSINPmeAMMAAAQA-SEASequence of TDP- 
43 M322meM (residues 315 to 328, A315Thz, 
M322meM)-SEA: Thz-FSINPAmeMMAAAQA- 
SEASequence of TDP-43 M323meM (residues 
315 to 328, A315Thz, M323meM)-SEA: Thz- 
FSINPAMmeMAAAQA-SEASequence of TDP- 
43 A324meA (residues 315 to 328, A315Thz, 
A324meA)-SEA: Thz-FSINPAMMmeAAAQA- 


SEASequence of TDP-43 A325meA (residues 
315 to 328, A315Thz, A325meA)-SEA: Thz- 
FSINPAMMAmeAAQA-SEASequence of TDP- 
43 A326meA (residues 315 to 328, A315Thz, 
A326meA)-SEA: Thz-FSINPAMMAAmeAQA- 
SEASequence of TDP-43 Q327meQ (residues 
315 to 328, A315Thz, Q327meQ)-SEA: Thz- 
FSINPAMMAAAmeQA-SEASequence of TDP- 
43 A328meA (residues 315 to 328, A315Thz, 
A328meA)-SEA: Thz-FSINPAMMAAAQmeA- 
SEASequence of TDP-43 A321meA-M323meM- 
A325meA (residues 315 to 328, A315Thz, 
A321meA-M323meM-A325meA)-SEA: Thz- 
FSINPmeAMmeMAmeAAQA-SEASequence 
of TDP-43 M323meM-A325meA-Q327meQ 
(residues 315 to 328, A315Thz, M323meM- 
A325meA-Q327meQ)-SEA: Thz-FSINPAM- 
meMAmeAAmeQA-SEA. 


Strategy 2, piece 2 peptides 


Sequence of TDP-43 WT (residues 328 to 340, 
A328Thz)-SEA: Thz-ALQSSWGMMGML-SEA- 
Sequence of TDP-43 A329meA (residues 
328 to 340, A329meA, A328Thz)-SEA Thz- 
meALQSSWGMMGML-SEASequence of TDP- 
43 L330meL (residues 328 to 340, L330meL, 
A328Thz)-SEA Thz-AmeLQSSWGMMGML- 
SEASequence of TDP-43 Q331meQ (residues 
328 to 340, Q331meQ, A328Thz)-SEA Thz- 
ALmeQSSWGMMGML-SEASequence of TDP- 
43 S332meS (residues 328 to 340, S332meS, 
A328Thz)-SEA Thz-ALQmeSSWGMMGML- 
SEASequence of TDP-43 S333meS (residues 
328 to 340, S333meS, A328Thz)-SEA Thz- 
ALQSmeSWGMMGML-SEASequence of TDP- 
43 W334meW (residues 328 to 340, W334meW, 
A328Thz)-SEA Thz-ALQSSmeWGMMGML- 
SEASequence of TDP-43 G335meG (residues 
328 to 340, G335meG, A328Thz)-SEA Thz- 
ALQSSWmeGMMGML-SEASequence of TDP- 
43 M336meM (residues 328 to 340, M336meM, 
A328Thz)-SEA Thz-ALQSSWGmeMMGML- 
SEASequence of TDP-43 M337meM (residues 
328 to 340, M337meM, A328Thz)-SEA Thz- 
ALQSSWGMmeMGML-SEASequence of TDP- 
43 G338meG (residues 328 to 340, G338meG, 
A328Thz)-SEA Thz-ALQSSWGMMmeGML- 
SEASequence of TDP-43 M339meM (residues 
328 to 340, M339meM, A328Thz)-SEA Thz- 
ALQSSWGMMGmeML-SEA. 


NFL peptides with C-terminal SEA 


NFL WT (residues 2 to 26, 126L): SSFSYE- 
PYYSTSYKRRYVETPRVHL-SEANFL PS8L (res- 
idues 2 to 26, P8L, 126L): SSFSYELYYSTSY- 
KRRYVETPRVHL-SEANFL P8meL (residues 
2 to 26, P8meL, I26L): SSFSYEmeLYYSTSYKR- 
RYVETPRVHL-SEANFL P8Q (residues 2 to 
26, P8Q, 126L): SSFSYEQYYSTSYKRRYVET- 
PRVHL-SEANFL P8meQ (residues 2 to 26, 
P8meQ, I26L): SSFSYEmeQYYSTSYKRRY- 
VETPRVHL-SEANFL P8R (residues 2 to 26, 
P8R, I26L): SSFSYERYYSTSYKRRYVETPRVHL- 
SEANFL P8meR (residues 2 to 26, P8meR, 
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I26L): SSFSYEmeRYYSTSYKRRYVETPRVHL- 
SEANFL P8dmP (residues 2 to 26, P8dmP, 
126L): SSEFSYEdmPYYSTSYKRRYVETPRVHL- 
SEANFL P8esL (residues 2 to 26, P8esL, I26L): 
SSFSYEesLYYSTSYKRRYVETPRVHL-SEANFL 
P22R (residues 2 to 26, P22R, I26L): SS- 
FSYEPYYSTSYKRRYVETRRVHL-SEANFL 
P22meR (residues 2 to 26, P22meR, I26L): 
SSFSYEPYYSTSYKRRYVETmeRRVHL- 
SEANFL P22S (residues 2 to 26, P22S, 
I26L): SSFSYEPYYSTSYKRRYVETSRVHL- 
SEANFL P22meS (residues 2 to 26, P22meS, 
126L): SSFSYEPYYSTSYKRRYVETmeSRVHL- 
SEANFL P22T (residues 2 to 26, P22T, I26L): 
SSFSYEPYYSTSYKRRYVETTRVHL-SEANFL 
P22meT (residues 2 to 26, P22meT, I26L): 
SSFSYEPYYSTSYKRRYVETmeTRVHL-SEA. 


hnRNPA2 peptides with C-terminal SEA 


hnRNP A2 WT (residues 285 to 305, A285Thz): 
Thz-GNYNDFGNYNQQPSNYGPMK-SEAhnRNP 
A2 P298L (residues 285 to 305, P298L, A285Thz): 
Thz-GNYNDFGNYNQQLSNYGPMK-SEAhnRNP 
A2 P298meL (residues 285 to 305, P298meP, 
A285Thz): Thz-GNYNDFGNYNQQmeLSNYGPMK- 
SEAwhere, SEA = bis(2-sulfanylethyl)amido 
group, dmP = L-5,5-dimethylproline, me = N°- 
methyl, es = ester, Thz = thiazolidine. 


Amidated peptides described in this study 


hnRNPA2 (306-341, S306C):CGNFGGSRNMG- 
GPYGGGNYGPGGSGGSGGYGGRSRY-CONH,tau- 
RD (residues 295 to 311): DNIKHVPGGGSVQIVYK- 
CONHg,tau-RD P301S (residues 295 to 311, 
P301S): DNIKHVSGGGSVQIVYK-CONH,tau-RD 
P30ImeS (residues 295 to 311, P301meS): DNIKHV- 
meSGGGSVQIVYK-CONHstau-RD P30IT (residues 
295 to 311, P301T): DNIKHVTGGGSVQIVYK- 
CONH,tau-RD P301meT (residues 295 to 311, 
P301meT): DNIKHVmeTGGGSVQIVYK-CON- 
H,tau-RD P301L (residues 295 to 311, P301L): 
DNIKHVLGGGSVQIVYK-CONHstau-RD P301meL 
(residues 295 to 311, P301meL): DNIKHV- 
meLGGGSVQIVYK-CONH,tau-RD P301P-cis 
(residues 295 to 311, P301P-cis): DNIKHVP- 
cisGGGSVQIVYK-CONHastau-RD P301P-trans 
(residues 295 to 311, P301P-trans) DNIKHVP- 
transGGGSVQIVYK-CONH2where me = N°- 
methyl. 


Peptide synthesis 

All fluorenylmethyloxycarbonyl (Fmoc)-protected 
amino acids were purchased from Oakwood 
Chemical or Combi-Blocks. Peptide synthesis 
resins (TritylOH ChemMatrix and Rink Amide 
ChemMatrix) were purchased from Biotage. 
All analytical RP-HPLC was performed on an 
Agilent 1260 series instrument equipped with 
a quaternary pump and an XBridge Peptide 
C18 or C4 column (5 um, 4 x 150 mm, Waters) 
at a flow rate of 1 ml/min. Similarly, semipre- 
parative scale purifications were performed 
with a XBridge Peptide C18 or C4 semiprepar- 
ative column (51m, 10 mm x 250 mm, Waters) 
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at a flow rate of 4 ml/min. Preparative RP-HPLC 
was performed on an Agilent 1260 series in- 
strument equipped with a preparatory pump 
and a XBridge Peptide C18 or C4 preparatory 
column (10 uM; 19 x 250 mm, Waters) at a flow 
rate of 20 ml/min. All instruments were equipped 
with a variable wavelength UV detector. All RP- 
HPLC steps were performed using 0.1% TFA 
(Oakwood Chemical) in H,O (solvent A) and 
90% acetonitrile (Sigma-Aldrich) or 0.1% TFA 
in H,O (solvent B) as mobile phases. For liquid 
chromatography-mass spectrometry (LC-MS) 
analysis, 0.1% formic acid (Sigma-Aldrich) was 
substituted for TFA in mobile phases. Mass 
analysis was performed for each product on an 
LC-MS (Agilent Technologies) equipped with 
a 300SB-C18 column (3.5uM; 4.6 x 100 mm, 
Agilent Technologies) or a X500B QTOF (Sciex). 

All peptides containing C-terminal SEA 
were synthesized by solid-phase peptide syn- 
thesis on a CEM Discover Microwave Peptide 
Synthesizer (Matthews, NC) using the Fmoc- 
protection strategy on SEA resin (0.16 mmol/g, 
Iris Biotech). SEA resin was washed and swelled 
with N,N dimethylformamide (DMF, Oakwood 
Chemical) and bubbled in N, for 15 min. For 
manual loading of the first amino acid to SEA 
resin, Fmoc-alanine (10 eq; for strategy 1 pep- 
tides), Fmoc-leucine (10 eq; for strategy 2 pep- 
tides and NFL peptides), Fmoc-lysine (10 eq; 
hnRNPA2 peptides), HATU (10eq, Oakwood 
Chemical), and DIPEA (30eq, Sigma-Aldrich) 
were mixed in DMF, and the resin was bub- 
bled with Nj for 1 hour. This step was repeated 
with fresh reagents to ensure complete load- 
ing. The resin was then washed with DMF and 
bubbled in acetic anhydride:DIPEA (20 eq:40 eq) 
in DMF for 20 min to quench unreacted sites. 
Subsequent peptide synthesis reactions were 
performed on an automated microwave synthe- 
sizer. For coupling reactions, amino acids (5 eq) 
were activated with N,/V-diisopropylcarbodiimide 
(DIC) (5 eq, Oakwood Chemical):Oxyma (5 eq, 
Oakwood Chemical) and heated to 90°C for 
2 min while bubbling with nitrogen gas in DMF. 
Fmoc deprotection was performed with 20% 
piperidine (Sigma-Aldrich) in DMF supple- 
mented with 0.1 M 1-hydroxybenzotriazole 
hydrate (HOBt) (Oakwood Chemical) at 90°C 
for 1 min while bubbling with nitrogen gas. 
Resin cleavage was performed with 95% TFA, 
2.5% triisopropylsilane (TIS, Sigma-Aldrich), 
and 2.5% H,O for 3h at 25°C. The crude pep- 
tide was then precipitated by the addition of a 
10-fold volume of ice-cold ether and centri- 
fuged at 4000 relative centrifugal force (RCF) 
for 10 min at 4°C. To oxidize the C-terminal 
SEA, the pellet was washed with ice-cold ether 
and resuspended with buffer containing 6 M 
guanidine-HCl, 0.1 M sodium phosphate, and 
5% (v/v) dimethyl sulfoxide at pH 7.5 to 8.0. 
This reaction was nutated at 25°C for 16 hours, 
and SEA ring oxidation was confirmed by a 
-2 Da mass change using LC-MS. To deprotect 


the Thz ring, 200 mM of O-methylhydroxylamine 
HCI (Combi-Blocks) was added to the reaction 
mixture, the pH of the reaction was adjusted 
to 4.0, and the mixture was incubated at 37°C 
for 1 hour. Deprotection of the thiazolidine ring 
was confirmed by a -12 Da mass change using 
LC-MS. Oxidized and Thz-deprotected pepti- 
des were purified by preparative C4: RP-HPLC. 
Fractions were analyzed on analytical C4 RP- 
HPLC and ESI-MS, and those containing pure 
product (>95%) were pooled, lyophilized, and 
stored at -80°C. 

The above amidated peptides were synthe- 
sized by solid-phase peptide synthesis on a 
CEM Discover Microwave Peptide Synthesizer 
(Matthews, NC) using the Fmoc-protection 
strategy on Rink Amide-ChemMatrix resin 
(0.5 mmol/g). For coupling reactions, amino 
acids (5 eq) were activated with DIC (5 eq, 
Oakwood Chemical)/Oxyma (5 eq, Oakwood 
Chemical) and heated to 90°C for 2 min while 
bubbling with Nj in DMF (Oakwood Chemi- 
cal). Fmoc deprotection was performed with 
20% piperidine (Sigma-Aldrich) in DMF sup- 
plemented with 0.1 M HOBt (Oakwood Chem- 
ical) at 90°C for 1 min while bubbling with 
No. Cleavage from resin was performed with 
92.5% TFA, 2.5% TIS (Sigma-Aldrich), 2.5% 
1,2-ethanedithiol (Sigma-Aldrich), and 2.5% 
H,0 for 2h at 25°C on an end-over-end rotis- 
serie. The crude peptide was then precipitated 
by the addition of a 10-fold volume of ice-cold 
ether and centrifuged at 4000 RCF for 10 min 
at 4°C. The pellet was resuspended in solvent 
A and purified by preparative C18 RP-HPLC. 
Fractions were analyzed on analytical C18 RP- 
HPLC and ESI-MS, and those containing pure 
product (>95%) were pooled, lyophilized, and 
stored at -80°C. 

For peptide chain elongation from the dmP 
building block, resin was removed from the 
synthesizer and manual coupling was per- 
formed with Fmoc-5,5-dmP-OH (6 eq, Iris 
Biotech), PyAOP (6 eq, Oakwood Chemical), 
and DIPEA (12 eq, Sigma-Aldrich) for 1 hour 
at 50°C. Coupling was repeated with fresh 
reagents to maximize yield. Resin was acetyl 
capped (acetic anhydride:DIPEA, 20 eq:40 eq 
in DMF) to quench unreacted sites and placed 
back on an automated synthesizer to complete 
synthesis. 

The L-leucic acid building block was manu- 
ally coupled to resin in a reaction containing 
L-leucic acid (5 eq, Combi-Blocks), DIC (5 eq), 
and oxyma (5 eq) in DMF for 30 min at 20°C. 
Coupling was repeated twice with fresh re- 
agents to maximize yield. For peptide chain 
elongation from the L-leucic acid building 
block, a reaction containing amino acid [5 eq, 
Fmoc-Glu(OtBu)-OH], MSNT (5 eq, Sigma- 
Aldrich), and 1-methylimidazole (3.75 eq, Sigma- 
Aldrich) in dichloromethane was purged with 
N, and incubated for 2 hours on an end-over- 
end rotisserie. Coupling was repeated three 
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times with fresh reagents to maximize yield. 
After the final reaction, resin was placed back on 
an automated synthesizer to complete synthesis. 


Assembly of semisynthetic TDP-43 constructs 


To scan N-methyl amino acids from amino 
acids 316 to 328, all strategy 1 pieces described 
above were assembled. To scan N°-methyl 
amino acids from amino acids 329 to 339, all 
strategy 2 pieces described above were assem- 
bled. Two separate strategies were required 
because we were unable to synthesize a single 
peptide from residues 316 to 339 on the re- 
quisite SEA resin at sufficient yields. The 
following three-piece assembly strategy was 
performed for both the strategy 1 and strat- 
egy 2 assemblies. 

Piece 1 (bearing MES thioester) and piece 2 
(bearing free N-terminal cysteine and an oxi- 
dized SEA ring) were combined at ~10 mM 
piece 1 and ~8 mM piece 2 in a degassed buffer 
of 6 M guanidine-HCl, 0.1 M sodium phos- 
phate, and 100 mM 2,2,2-trifluoroethanethiol 
(TFET, Sigma-Aldrich) adjusted to pH 7.0. Ex- 
cess piece 2 was used to push all peptide to 
ligated product and ensure efficient separa- 
tion of ligated product from starting material 
during purification. Reactions were incubated 
at 37°C for 4 hours and progress was moni- 
tored by C4 RP-HPLC and ESI-MS analysis. 
The C-terminal oxidized SEA ring remained 
intact and inert throughout this reaction. 
Ligation products were purified on a semi- 
preparative C4 RP-HPLC column and fractions 
containing target mass were pooled, lyophilized, 
and stored at -80°C. This product is referred 
to as “piece 1+2.” 

The lyophilized piece 1+2 construct was re- 
suspended in 0.3 to 1 ml of degassed buffer 
(final piece 1+2 concentration ~0.5 mM) con- 
taining 6 M guanidine-HCl, 0.1 M sodium 
phosphate, 200 mM MES-Na (Sigma-Aldrich), 
and 50 mM TCEP, and then adjusted to pH 4.0. 
This reaction was incubated at 37°C for 
16 hours to convert the C-terminal SEA moiety 
to a MES-thioester as confirmed by a -5 Da 
mass shift using LC-MS. Once MES conversion 
was complete, piece 3 (bearing an N-terminal 
cysteine) was directly added to this reaction 
mixture to a concentration of ~1.5 mM. Excess 
piece 3 was used to push all piece 1+2 to li- 
gated product and ensure efficient separation 
of ligated product from starting material dur- 
ing purification. Reactions were supplemented 
with 20 mM TCEP and 100 mM TFET, adjusted 
to pH 7.0, and incubated 37°C for 16 hours. 
Upon completion of the ligation reaction as 
judged by RP-HPLC and ESI-MS analysis, ex- 
cess TFET was removed by dialyzing the reac- 
tion mixture against a buffer containing 6 M 
guanidine-HCl and 0.1 M sodium phosphate at 
pH 4.0 for 3 hours. Desulfurization of the final 
product to the native TDP-43 LCD sequence 
achieved through free radical-mediated desul- 
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furization by addition of 200 mM TCEP, 60 mM 
VA-044 radical initiator, and 150 mM of reduced 
glutathione. Reactions were adjusted to pH 7.0 
and incubated at 37°C for 16 hours. Ligation 
products were purified on a semipreparative 
C4 RP-HPLC column, and pure fractions were 
pooled, lyophilized, and stored at -80°C. Final 
purities of >95% were judged by analytical RP- 
HPLC, ESI-MS analysis, and SDS-polyacrylamide 
gel electrophoresis (PAGE). 


Assembly of semisynthetic NFL constructs 


To assemble NFL head domains (residues 2 to 
86), native chemical ligation reactions were 
performed by combining 5 mM peptide bear- 
ing C-terminal SEA moieties (NFL residues 
residues 2 to 26; wt, P8Q, PmeQ, P8dmP, P22S 
or P2meS) with 1 mM of the NFL head domain 
fragment bearing an N-terminal cysteine (S27C, 
residues 27-86) in a degassed buffer of 6 M 
guanidine-HCl, 0.1 M sodium phosphate, 20 mM 
TCEP, 200 mM MES-Na (Sigma-Aldrich), and 
150 mM 2,2,2-trifluoroethanethiol (TFET, Sigma- 
Aldrich). Reaction pH was adjusted to 7.0, and 
the mixture was incubated at 37°C for 16 hours. 
Reaction progress was monitored by RP-HPLC 
and ESI-MS analysis. Ligation products were 
purified on a preparative C18 RP-HPLC col- 
umn and fractions were analyzed by RP-HPLC 
and ESI-MS. Fractions containing target mass 
were pooled, lyophilized, and stored at -80°C. 

To assemble full-length NFL (residues 2 to 
543), native chemical ligation reactions were 
performed by combining peptides bearing 
C-terminal SEA moieties (NFL 2 to 26, WT, 
P8L, P8esL, P8meL, P8Q, P8meQ, P8R, P8meR, 
P8dmP, P22S, P22meS, P22R, P22meR, P22T, 
and P22meT) with the NFL truncated fragment 
bearing N-terminal cysteine (S27C, residues 
27 to 543). Ligation reactions were performed 
as described for isolated NFL head domain 
assembly. 


Assembly of semisynthetic hnRNPA2 
LCD constructs 


To assemble the hnRNPA2 LCD (residues 181 
to 341) a three-piece native chemical ligation 
strategy was devised. In ligation 1, peptides 
bearing an N-terminal Thz and C-terminal 
SEA moiety (hnRNPA2 residues 285 to 305, 
hnRNPA2 residues 285 to 305 with P298L 
mutation, or hnRNPA2 residues 285 to 305 
with P298meL mutation) were combined with 
the hnRNPA2 C-terminal peptide (residues 306 
to 341, S306C). Reactions included 1 mM SEA 
peptide, 0.5 mM C-amidated peptide, 200 mM 
MES-Na, 20 mM TCEP, and 150 mM TFET in a 
degassed buffer of 6 M guanidine-HCl and 
0.1 M sodium phosphate at pH 7.0. Reactions 
were incubated at 37°C for 16 hours, and pro- 
gress was monitored by RP-HPLC and ESI-MS 
analysis. Upon completion of the reaction, Thz 
deprotection was initiated by the addition of 
200 mM O-methylhydroxylamine-HCl and 


20 mM TCEP in a degassed buffer of 6 M 
guanidine-HCl and 0.1 M sodium phosphate. 
Reactions were adjusted to pH 4.0 and incu- 
bated at 37°C for 4 hours. Products were pu- 
rified on a preparative C18 RP-HPLC column 
and analyzed by analytical RP-HPLC and ESI- 
MS. Fractions containing target mass were 
pooled, lyophilized, and stored at -80°C. These 
products, WT, P298L, and P298meL, are re- 
ferred to as hnRNPA2 piece 2+3. 

For ligation 2, the hnRNPA2 piece 2+3 con- 
structs, each bearing a free N-terminal cys- 
teine, were combined with the recombinant 
hnRNPA2 thioester construct (residues 181 to 
284). These reactions included 1 mM piece 2+3, 
0.5 mM recombinant hnRNPA2 thioester 
fragment, 20 mM TCEP, and 150 mM TFET in 
a degassed buffer of 6 M guanidine-HCl and 
0.1 M sodium phosphate at pH 7.0. Reactions 
were incubated at 37°C for 16 hours, and pro- 
gress was monitored using RP-HPLC and ESI- 
MS analysis. Upon completion of the reactions, 
the ligation products were purified on a semi- 
preparative C18 RP-HPLC column and fractions 
were characterized by RP-HPLC and ESI-MS. 
Pure fractions were pooled, lyophilized, and 
stored at -80°C. 


TDP-43 LCD phase-separated droplet formation 


All His-TDP-43 LCD WT constructs, mutation 
variants, and single N-methyl variants were 
dissolved in a buffer containing 25 mM Tris- 
HCl (pH 7.5), 150 mM NaCl, and 6 M guanidine- 
HCl, 10 mM £-mercaptoethanol (B-ME) and 
diluted to 300 uM with same buffer. Because 
the yield of triple N°-methyl variants is low, 
triple N°-methyl variants (triple-me (321-323- 
325), triple-me (323-325-327)) and WT His- 
TDP-43 LCD were dissolved and diluted to 
100 uM with the same buffer. For glycine scan- 
ning mutagenesis experiments, droplet forma- 
tion was induced by diluting all constructs 
30-fold in a buffer containing 25 mM Tris- 
HCl (pH 7.5), 150 mM NaCl, and 10 mM B-ME 
in the presence of 0, 0.4, 0.8, or 1.2 M urea. 
Solutions were loaded onto a clear-bottomed 
Corning Costa 384-well plate and imaged on 
a ZOE Fluorescent Cell Imager (Bio-Rad). 

For N°-methyl scanning experiments, drop- 
let formation was induced by diluting all con- 
structs 30-fold in a buffer containing 25 mM 
Tris-HCl (pH 7.5), 150 mM NaCl, 10 mM £-ME, 
and 5 uM NiCl, in the presence of 0, 0.4, 0.8, or 
1.2 M urea. WT and triple N-methyl variants 
were diluted 10-fold to a 10 uM final concen- 
tration with the droplet formation buffer used 
in N*-methyl scanning experiments. The formed 
droplets were immediately loaded onto a clear- 
bottomed 384-well plate, and absorbance at 
600 nm was measured to determine turbidity. 
Triplicate measurements were performed for 
all constructs at each condition. After turbidity 
measurements, droplets were also imaged on 
a ZOE Fluorescent Cell Imager. 
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Transient transfection of U20S cells 

U20S cells were cultured in a Dulbecco’s modi- 
fied Eagle’s medium (DMEM) supplemented 
with 10% fetal bovine serum (FBS). The U20S 
cells were seeded on a 35-mm glass-bottomed 
confocal dish 1 day before transfection. Cells 
were transfected with FLAG-GFP-TDP-43 plas- 
mid (or mutations thereof) using Lipofectamine 
3000 (Thermo Fisher). After 24 hours, cells were 
washed twice with phosphate-buffered saline 
(PBS), incubated with Hoechst staining re- 
agent (diluted in PBS) for 10 min, and imaged by 
confocal microscopy. Cells were also harvested 
in SDS sample loading buffer for Western blot- 
ting (o-FLAG-HRP, Millipore-Sigma) to confirm 
similar expression levels of each TDP-43 variant. 


Creation of TDP-43 inducible expression cell line 
and cell viability assay 


All constructs were transfected into a Tet- 
inducible cell line, U2OS-TR. The U20S-TR 
cells were grown in Tet-negative FBS to mini- 
mize leaky expression. Cells (1 x 10°) were plated 
24 hours before transfection. DNA (1 ug) was 
transfected with Lipofectamine 3000 (Thermo 
Fisher) according to the manufacturer’s pro- 
tocol. After 24 hours, cells were split into 10 x 
100 mm plates in medium containing G418 at 
a concentration of 700 ug/ml. Selection con- 
tinued for ~3 weeks (refreshing G418 twice per 
week). Single colonies were picked using clonal 
rings, propagated, and doxycycline-induced 
expression levels were analyzed. For FLAG- 
GFP-TDP-43 induction, doxycycline was added 
to a concentration of 1 ug/ml for 24 hours. 
Clonal populations were harvested in SDS 
sample loading buffer for Western blotting 
(a-FLAG) to confirm similar expression levels 
of each TDP-43 variant. Colonies from each 
variant that exhibited similar FLAG-GFP-TDP- 
43 expression levels were used in the viabil- 
ity assays. 

Each stable expression cell line was plated in 
quadruplet into 7 x 96-well plates at 4.000 cells/ 
well. Induction proceeded as previously men- 
tioned using doxycycline starting 24 hours 
after plating. Plates were assayed for cell via- 
bility using CellTiter-Glo (Promega) according 
to the manufacturer’s protocol (CellTiter-Glo/ 
Promega) each day for 7 days. 


Phenotypic analysis of NFL filament assembly, 
NFL N-terminal peptide solubility, and head 
domain polymer formation 


NFL filament assembly was performed as pre- 
viously described (43). To test NFL peptide 
solubility, the lyophilized peptides were first 
completely dissolved with neat TFA, which 
was then evaporated under a gentle stream of 
No. Residual TFA was removed by lyophiliza- 
tion for 30 min. This step is important to ensure 
that peptides are completely disaggregated 
before ThT analysis (68). Lyophilized peptides 
were then dissolved in a buffer containing 
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25 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM 
B-ME, and 6 M guanidine-HCl, and then di- 
luted into a buffer containing 25 mM Tris-HCl 
(pH 7.5), 150 mM NaCl, 5 mM £-ME, and 20 uM 
ThT (final peptide concentration = 200 »M). 
Solutions were next loaded into a 384-well 
fluorescence assay plate (50 ul per well), sealed, 
and ThT fluorescence was monitored for 
99 hours (Cytation 5 plate reader, BioTek). 
Five repeats were performed for all samples. 
To test NFL head domain polymer forma- 
tion, each variant was dissolved in a buffer 
containing 25 mM Tris-HCl (pH 7.5), 150 mM 
NaCl, 5 mM £-ME, and 8 M urea, and then 
dialyzed against an identical buffer with a 
reduced urea concentration (3 M urea). Sam- 
ple turbidity was measured by absorbance at 
600 nm, and head domain polymers were 
confirmed by negative-staining EM. 


ThT assay for tau peptides 


Lyophilized tau peptides were first completely 
dissolved with neat TFA, which was then evap- 
orated under a gentle stream of No. Residual 
TFA was removed by lyophilization for 30 min 
(52). Next, peptides were dissolved in a buffer 
containing 25 mM Tris-HCl (pH 7.5), 150 mM 
NaCl, and 6 M guanidine-HCl, and then diluted 
into PBS supplemented with 20 uM ThT (final 
peptide concentration = 100 uM). Solutions 
were loaded into a 96-well fluorescence assay 
plate, sealed (Constar 6570 sealing tape), and 
ThT fluorescence was monitored for 99 hours 
(Cytation 5 plate reader, BioTek). Five repeats 
were performed for all samples. 


Phenotypic analysis of tau peptides in tau 
biosensor cell line 


The tau biosensor cell line was purchased from 
ATCC and cultured in DMEM supplemented 
with 10% FBS. Tau biosensor cells were seeded 
in a 96-well tissue culture plate the day before 
tau peptide transfection. 

Tau peptides were disaggregated, diluted in 
PBS to 300 uM, and sonicated in a water bath 
sonicator (Branson 2800) for 2 min. Tau pep- 
tide solution was mixed with same volume of a 
lipofectamine 3000-OptiMEM solution and 
incubated for 30 min at room temperature. 
Ten microliters of tau peptide transfection 
mixture was added to 90 ul of tau biosensor 
cells to reach a final peptide concentration 
of 15 uM in medium. The cells were imaged 
with an EVOS FL fluorescence microscope 
48 to 72 hours after transfection. 


Phenotypic analysis of hnRNPA2 LCD 
phase-separated droplets 


The hnRNPA2 LCD proteins were dissolved in 
a buffer containing 25 mM Tris-HCl (pH 7.5), 
150 mM NaCl, and 6 M guanidine-HCl. Then, 
hnRNPA2 LCD phase-separated droplet for- 
mation was induced by diluting protein in a 
buffer containing either 25 mM Tris (pH 7.5), 


150 mM NaCl, and 5 mM B-ME or 50 mM MES 
(pH 5.5), 100 mM NaCl, and 5 mM B-ME toa 
final concentration of 15 uM. Identical results 
were observed for the WT hnRNPA2 LCD and 
its variants in these two buffers. However, the 
average size of hnRNPA2 droplets increased in 
the pH 5.5 buffer, and these conditions were 
used for image analysis with the ZOE Fluores- 
cent Cell Imager. 


ThT assay for hnRNPA2 LCD peptides 


Synthesized hnRNPA2 LCD peptides were dis- 
solved in a buffer containing 25 mM Tris-HCl 
(pH 7.5), 150 mM NaCl, and 6 M guanidine- 
HCl. The dissolved peptides were diluted into 
a buffer containing 25 mM Tris-HCl (pH 7.5), 
150 mM NaCl, and 20 uM ThT (final peptide 
concentration = 400 uM), loaded in a 384-well 
fluorescence assay plate (50 ul per well), and 
sealed. ThT fluorescence was monitored for 
99 hours using the Cytation 5 plate reader 
(BioTek). Five repeats were performed for all 
samples. 
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Zonated leucine sensing by Sestrin-mTORC1 in the 
liver controls the response to dietary leucine 


Andrew L. Cangelosi?>*, Anna M. Puszynska*’, Justin M. Roberts'??, Andrea Armani 


1,2,4,5 
’ 


Thao P. Nguyen’%, Jessica B. Spinelli*?, Tenzin Kunchok?, Brianna Wang?, Sze Ham Chan‘t, 
Caroline A. Lewis, William C. Comb'2+, George W. Bell’, Aharon Helman®, David M. Sabatini?§ 


The mechanistic target of rapamycin complex 1 (mTORC1) kinase controls growth in response to 
nutrients, including the amino acid leucine. In cultured cells, mTORC1 senses leucine through the 
leucine-binding Sestrin proteins, but the physiological functions and distribution of Sestrin-mediated 
leucine sensing in mammals are unknown. We find that mice lacking Sestrinl and Sestrin2 cannot 
inhibit mTORC1 upon dietary leucine deprivation and suffer a rapid loss of white adipose tissue 

(WAT) and muscle. The WAT loss is driven by aberrant mTORC1 activity and fibroblast growth factor 21 
(FGF21) production in the liver. Sestrin expression in the liver lobule is zonated, accounting for 
zone-specific regulation of mTORC1 activity and FGF21 induction by leucine. These results establish 
the mammalian Sestrins as physiological leucine sensors and reveal a spatial organization to nutrient 


sensing by the mTORC1 pathway. 


eucine is an essential amino acid needed 

to synthesize proteins and metabolites 

such as branched chain fatty acids (J-3). 

In addition, it has been recognized for 

decades that leucine has distinctive phys- 
iological effects, including promoting skeletal 
muscle growth (4-8), insulin secretion (9-1), 
and immune function (12-14) and modulating 
health span and life span in mice (15-17). More- 
over, plasma leucine concentrations are also 
implicated in certain pathological states, such 
as metabolic syndrome (J8-20). 

A key effector of leucine is thought to be 
the mechanistic target of rapamycin com- 
plex 1 (mTORC1) protein kinase, a master 
regulator of growth and metabolism. Diverse 
nutrients, growth factors, and stresses regulate 
mTORCI (4, 21-23), and understanding how 
it detects so many inputs has been of long- 
standing interest. A model has started to 
emerge of the nutrient-sensing mechanisms 
upstream of mTORC1 in which nutrient- 
derived signals converge on the heterodimeric 
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Rag guanosine triphosphatases (GTPases) and 
their many regulators, including the GATOR1, 
GATOR2, and Ragulator complexes. The Rag 
heterodimer binds mTORC1 in a nutrient- 
sensitive manner to control its localization to 
the lysosomal surface, where it can interact 
with its kinase activator, the Rheb GTPase 
(4, 21-23). 

How the mTORC1 pathway senses leucine 
has been highly debated (24-37). Several years 
ago, we showed that in cultured cells the 
leucine-binding proteins Sestrin1 and Sestrin2 
serve as leucine sensors for the pathway 
(32, 33). Growing evidence implicates the Ses- 
trins in various facets of organismal function 
(34-39). However, whether the mammalian 
Sestrins have a leucine-sensing role in vivo— 
and, if so, in which tissues they act and the 
physiology they control as leucine sensors— 
is unknown. 


Results 
Sestrin1 and Sestrin2 are physiological leucine 
sensors for mTORC1 


To study leucine sensing by mTORCI1 in vivo 
and minimize confounding effects of other 
nutrient alterations, we tested the response 
of mice to changes in dietary leucine content. 
We first fasted and refed mice with food con- 
taining 100, 10, or 0% of the leucine content of 
standard chow (Fig. 1A). Feeding of these diets 
caused stepwise reductions in plasma leucine 
concentrations (Fig. 1B) and in the phos- 
phorylation of the mTORCI1 substrates S6K1 
(S6 kinase 1) and 4EBP1 (eukaryotic trans- 
lation initiation factor 4E-binding protein 1) 
in the liver (Fig. 1C), showing that, in our 
experimental system, dietary leucine controls 
mTORC1 activity in vivo. 


In cultured cells, Sestrin1 and Sestrin2 in- 
hibit mTORC1 signaling by interacting with and 
suppressing—in a leucine-sensitive manner— 
the GATOR2 complex, a positive component 
of the mTORC1 pathway (32). To determine 
whether the same interaction occurs in vivo, 
we immunoprecipitated, from the liver of mice, 
GATOR2 using an antibody to its WDR24 
component. Consistent with leucine disrupt- 
ing the Sestrin1/2-GATOR2 interaction, GATOR2 
coimmunoprecipitated greater amounts of 
Sestrin1 and Sestrin2 in mice refed the leucine- 
free than in those fed the control diet (Fig. 1D). 
Notably, the addition of leucine, but not argi- 
nine, to the immunopurified complexes disrup- 
ted the Sestrin1/2-GATOR2 interaction (Fig. 
1D). Thus, as in cultured cells, leucine regu- 
lates the binding of Sestrin1 and Sestrin2 to 
GATOR2 in vivo in mouse tissues. 

To determine whether the regulation of 
mTORCI1 by dietary leucine requires Sestrin1 
and Sestrin2, we generated mice lacking both 
proteins [double-knockout (DKO) mice] and 
fasted and refed them with the control or 
leucine-free diet. Whereas mTORC1 activity 
in the liver was low in wild-type (WT) mice 
refed with the leucine-free diet, in DKO mice, 
mTORCI activity was high, irrespective of the 
leucine content of the diet in both males (Fig. 
1E) and females (fig. SLA). Sestrin expression 
did not affect food consumption (fig. S1B). 
Loss of either Sestrin1 or Sestrin2 alone had 
no impact on the sensitivity of mTORC1 to 
leucine deprivation (fig. S1, C and D), consis- 
tent with Sestrinl and Sestrin2 having re- 
dundant functions in cultured cells (32). As it 
does in the liver, leucine regulates mTORC1 
activity in white adipose tissue (WAT) in a 
Sestrin-dependent manner in males (Fig. 1F) 
and females (fig. SIE). 

mTORCI signaling remained sensitive to 
fasting in the liver and WAT of DKO mice (fig. 
$2, A and B) and to starvation of all amino 
acids (but not to starvation of only leucine) in 
primary hepatocytes and WAT explants ob- 
tained from DKO mice (fig. S2, C and D). Thus, 
loss of the Sestrins affects the response of 
mTORCI specifically to leucine deprivation. 

The Sestrins have been proposed to impinge 
on the mTORC1 pathway through regulation 
of adenosine monophosphate-activated pro- 
tein kinase (AMPK) (36). However, in our 
model system, liver-specific deletion of both 
AMPK catalytic subunits (AMPKol and AMPKa2) 
did not affect the activation of hepatic 
mTORCI by dietary leucine, despite eliminat- 
ing AMPK activity, as indicated by the absence 
of phosphorylation of acetyl-coenzyme A car- 
boxylase (ACC), a canonical AMPK substrate 
(fig. S2E). 

On the basis of the structure of the leucine- 
binding pocket of Sestrin2, we previously iden- 
tified a point mutation [Trp“““—Leu (W444L)] 
that reduces, but does not abolish, the affinity 
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Fig. 1. The Sestrins control leucine sensing by mTORC1 in vivo. 

(A) Schematic of the experimental setup for studying leucine sensing in vivo. 
Mice maintained on an amino acid (AA)-replete control diet for 2 days were 
fasted overnight for 12 hours then refed with food containing the indicated 
leucine contents, and tissues were collected 3 hours after the start of the feeding 
period. (B) Plasma leucine concentrations in wild-type female mice 3 hours 
after eating the indicated diets (n = 11 to 12 mice). (C) Phosphorylation state and 
amounts of indicated proteins in liver lysates from wild-type female mice refed 
with the indicated diets for 3 hours (n = 3 to 5 mice). (D) Dietary leucine 
regulates Sestrin-GATOR2 interactions. Endogenous WDR24 immunoprecipitates 
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(IPs) were prepared from liver lysates from wild-type male mice refed with 
the indicated diets for 3 hours. In lanes 2 to 4, IPs were prepared from 
equal volumes of the same liver lysate, and, where noted, indicated amino 
acids were added during washes. L, leucine; R, arginine; GAPDH, 
glyceraldehyde phosphate dehydrogenase. IPs and liver lysates were 
analyzed by immunoblotting for the phosphorylation states and amounts of 
the indicated proteins (n = 3 mice). (E) Male mice with indicated genotypes 
were refed with the indicated diets for 3 hours. Liver lysates were analyzed 
by immunoblotting for the phosphorylation state and amounts of the 
indicated proteins (n = 4 to 6 mice). (F) Gonadal WAT (gWAT) lysates from 
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male mice treated as in (E) were analyzed by immunoblotting for the 
phosphorylation states and amounts of the indicated proteins (n = 6 to 

9 mice). (G) Female mice with the indicated liver genotypes were refed with 
diets with different leucine contents for 3 hours, and liver lysates were 
analyzed by immunoblotting for the phosphorylation state and amounts of 


of Sestrin2 for leucine (33). To determine how 
this mutation affects the activation of mTORC1 
by leucine in vivo, we generated knockin mice 
expressing Sestrin2 W444L from the endoge- 
nous Sesn2 locus (Sesn2™“ mice). Leucine, 
over a range of concentrations, activated 
mTORC1 to a lesser degree in primary hepa- 
tocytes from Sesn2” than control (Sesn2"™) 
mice (fig. S2F). Similarly, food containing 10% 
of the leucine content of normal chow activ- 
ated mTORCTI to a lesser extent in the livers of 
Sesn2"”*“" than Sesn2" mice (Fig. 1G). Thus, 
the affinity of Sestrin2 for leucine determines 
the sensitivity of mTORC1 to the leucine con- 
tent of the diet. Taken together, our results 
establish that, as in cultured cells, Sestrin1 
and Sestrin2 transmit leucine availability to 
the mTORC1 pathway in vivo. 


Sestrin-mediated leucine sensing preserves 
WAT and muscle mass during dietary 
leucine deprivation 


To examine the physiological importance of 
leucine sensing by mTORC1, we fed wild-type 
and DKO mice lacking Sestrin1 and Sestrin2 
the leucine-free diet for 8 days (Fig. 2A). DKO 
mice, but not SesnI’~ mice or Sesn2”— mice, 
lost more body weight than wild-type controls 
(Fig. 2B and fig. $3) despite eating similar 
amounts of the leucine-free food (fig. S4). 
The greater reduction in body weight in DKO 
mice was a consequence of a severe loss of 
WAT, as evident in gross and microscopic ex- 
aminations of several fat depots, as well as a 
reduction in skeletal muscle mass (Fig. 2, C 
to G). We saw these phenotypes in both sexes 
(fig. S5), although the WAT loss was more pro- 
nounced in female mice. Liver mass did not 
contribute to the difference in body weight, as 
it was unaffected by Sestrin loss (fig. S6). Al- 
though wild-type and DKO mice ate a simi- 
larly reduced amount of the leucine-free food 
in comparison with control food (fig. $4), this 
reduction in food intake does not account for 
the different responses of wild-type and DKO 
mice to leucine-free feeding (fig. S7, A to C). 
Furthermore, the reductions in body weight, 
WAT, and skeletal muscle occurred in leucine- 
deprived DKO mice regardless of whether they 
were fasted before feeding with the leucine- 
free diet (fig. S7, D to F). As mTORC1 activity 
and leucine deprivation can both affect insulin 
signaling and glucose homeostasis (4, 40, 41), 
we assessed glucose tolerance, insulin secre- 
tion, and hepatic insulin sensitivity but found 
no alterations in the DKO mice (fig. S8). On 
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ns, not significant. 


the leucine-free diet, wild-type and DKO mice 
had similarly low levels of plasma leucine (Fig. 
2H and fig. S9). However, whereas plasma 
levels of several other amino acids were either 
maintained or in some cases even increased in 
wild-type mice, levels of those same amino 
acids were reduced in DKO mice (Fig. 2H and 
fig. S9). 

Treatment with rapamycin, an mTORC1I in- 
hibitor, restored the total body weight and 
WAT mass of DKO mice to those of wild-type 
animals (fig. S10). Aberrant mTORC1 activity 
thus underlies the inappropriate response of 
DKO mice to leucine deprivation. 

Notably, on diets lacking valine or methi- 
onine, DKO and wild-type mice lost equal 
amounts of total body weight, WAT, and skel- 
etal muscle (Fig. 2, I to N). The lack of altered 
responses in DKO mice to these diets is con- 
sistent with the Sestrins being specific sensors 
of leucine at physiological amino acid concen- 
trations (32). 

Lastly, Sesn2 mice, in which mTORC1 
is inhibited more strongly upon leucine dep- 
rivation than in wild-type animals (Fig. 1G), 
lost less WAT mass than control Sesn2”” mice 
over an extended period (16 days) of leucine 
deprivation (Fig. 2, O to Q), despite having 
similar intake of the leucine-free food (fig. 
S11A). Thus, the leucine-binding capacity of 
Sestrin2 modulates the physiological response 
to leucine deprivation. In contrast, leucine- 
deprived Sesn2"**" and Sesn2”” mice lost 
similar amounts of skeletal muscle (fig. S11, 
B to D), consistent with muscle not express- 
ing detectable levels of Sestrin2 (fig. SI1E) (42). 
We conclude that mice require the Sestrin- 
mediated regulation of mTORC1 to maintain 
homeostasis specifically in response to limited 
leucine availability. 


W444L 


Leucine sensing in the liver controls the 
response of WAT to dietary leucine deprivation 
through FGF21 


Because adipocyte-specific hyperactivation of 
mTORC1 can lead to a reduction in WAT mass 
(43), we considered the possibility that mTORC1 
deregulation in the adipocytes of the WAT it- 
self (Fig. 1F and figs. SIE and S2D) might cause 
its loss in DKO mice on the leucine-free diet. 
Although mice lacking both Sestrin1 and Ses- 
trin2 only in adipose tissue (AdiDKO mice) 
lack mTORCI1 regulation in the WAT in re- 
sponse to leucine (fig. S12, A and B), they did 
not phenocopy DKO mice when fed the 
leucine-free diet (fig. $12, C to E), indicating 


the indicated proteins (n = 7 mice). Data are the mean + SEM. P values were 
determined using two-tailed t tests [(B) and (E) to (G)], one-way analysis 
of variance (ANOVA) with Tukey test [(B) and (C)], or one-way ANOVA 

with Dunnett's test (D). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 


that Sestrin loss affects WAT mass through a 
tissue-nonautonomous mechanism. 

Given that hepatic mTORCI can regulate 
organismal physiology (44-46) and is sensitive 
to dietary leucine in a Sestrin-dependent man- 
ner (Fig. 1E and fig. SIA), we hypothesized a 
central role for the Sestrins in the liver in the 
response to leucine limitation. Indeed, in mice 
lacking both Sestrins in the liver (LiDKO mice), 
leucine deprivation caused a greater loss of 
body weight than in wild-type and Sesn2/— 
mice, albeit not as pronounced as in DKO 
mice (Fig. 3A). As DKO mice lose both WAT 
and muscle mass upon leucine deprivation 
(Fig. 2, C to G), we sought to determine what 
accounted for the reduction in body weight of 
LiDKO mice. On the leucine-free diet, LiDKO 
mice phenocopied the severe WAT loss of DKO 
mice (Fig. 3, B to D) but had muscle mass and 
plasma amino acid concentrations similar to 
those in wild-type animals (Fig. 3E and fig. 
S13). The WAT loss of DKO and LiDKO mice is 
unlikely to be the consequence of an un- 
recognized developmental defect, as the AAV- 
Cre-mediated acute deletion of Sestrinl and 
Sestrin2 in the livers of adult mice conferred 
the same phenotype (fig. S14). 

Together, our results indicate that hepatic 
Sestrin-mTORC1 plays a key role in the orga- 
nismal response to leucine deprivation and sug- 
gest that liver-to-WAT communication controls 
the WAT loss observed in DKO mice. The two 
other phenotypes we documented in DKO 
mice—loss of muscle mass and deregulation of 
plasma amino acid concentrations upon leu- 
cine starvation—are independent of Sestrin 
function in the liver and are perhaps mediated 
by the Sestrins in muscle, given the import- 
ance of muscle for maintaining circulating 
amino acid concentrations (47-50). Thus, mice 
require leucine-sensitive Sestrin function in 
several tissues to maintain homeostasis upon 
removal of dietary leucine. 

Among its many functions, the liver is a 
source of circulating factors, or hepatokines, 
that promote metabolic homeostasis. Among 
these, we focused on fibroblast growth factor 
21 (FGF21), as it is implicated in the response 
to amino acid starvation and WAT remodel- 
ing (51-53). Upon leucine deprivation, plasma 
FGF21 concentrations were higher in DKO 
than wild-type mice (Fig. 4A) but similar when 
mice were fed an amino acid-replete diet (Fig. 
4A) or fasted (fig. SI5A). In DKO mice, FGF21 
mediates the exacerbated loss of body weight 
and WAT during leucine deprivation, as its 
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Fig. 2. Mice require Sestrin1 and Sestrin2 to adapt to limitations in dietary 
leucine. (A) Experimental setup for studying the long-term impacts of depriving 
mice of individual amino acids. Mice of the indicated genotypes were maintained on an 
amino acid-replete control diet for up to 4 days, fasted overnight for 12 hours, and 
then refed with the control diet or food lacking an essential amino acid for up to 

16 days. (B) Body weights of female mice of the indicated genotypes during feeding 
with the indicated diets (n = 6 to 7 mice). The daily body weight measurements 

of each mouse during initial maintenance on an amino acid-replete control diet were 
averaged; the percent change from this average is depicted. (€ and D) Gonadal 
WAT (C) and gastrocnemius muscle weights (D) in female mice of the indicated 
genotypes after 8 days on the indicated diets (n = 6 to 7 mice). Tissue weights for each 
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mouse are presented as the percent of the average body weight while on an amino 
acid-replete control diet. (E) Representative images of gonadal WAT from female 
mice of the indicated genotypes after 8 days on the indicated diets (n = 6 to 7 mice). 
(F and G) Hematoxylin and eosin (H&E) stain of gonadal WAT (F) and dermal WAT 

(dWAT) (G) pad sections from female mice of the indicated genotypes after 8 days on 
the indicated diets. Images are representative of 6 to 7 mice. Scale bars, 50 um. 
(H) Relative plasma abundances of amino acids from serial blood sampling of female 
mice of the indicated genotypes, which were kept on an amino acid-replete diet, 
fasted for 12 hours overnight, and then refed with a leucine-free diet for up to 7 days. 
Data are presented as logs fold change of mean values relative to those in wild- 

type mice on the control diet (n = 3 to 5 mice). Amino acids with significant changes 
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(P < 0.05) during leucine-free feeding as compared with the amino acid-replete 
condition are shown. See fig. S9 for all amino acids and statistical analyses. 

(I) Body weights of female mice of the indicated genotypes on a valine-free diet 
(n = 6 to 9 mice). The daily body weight measurements of each mouse during 
initial maintenance on an amino acid-replete control diet were averaged; the 
percent change from this average is depicted. (J and K) Gonadal WAT (J) and 
gastrocnemius muscle weight (K) of female mice of the indicated genotypes after 
8 days of feeding on a valine-free diet (n = 6 to 9 mice). Tissue weight for each 
mouse is presented as percent of the average body weight while on the amino 
acid-replete control diet. (L to N) Same analyses as in (I) to (K), respectively, 


except mice were fed a methionine-free diet (n = 4 to 5 mice). (0) Gonadal WAT 
weight of female mice of the indicated genotypes after 16 days of feeding with a 
leucine-free diet (n = 12 to 15 mice). Tissue weight for each mouse is presented 
as percent of the average body weight while initially kept on the amino acid— 
replete control diet for 4 days. (P and Q) H&E stain of gonadal (P) and dermal (Q) 
WAT pad sections from female mice of the indicated genotypes after 16 days 

of feeding with a leucine-free diet. Images are representative of 6 to 8 mice. Scale 
bars, 50 um. Data are the mean + SEM. P values were determined using repeated 
measures two-way ANOVA with Sidak test [(B), (I), and (L)] or two-tailed t tests [(C), (D), 
(J), (K), and (M) to (0)]. *P < 0.05, **P < 0.01, ***P < 0.001. 
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Fig. 3. Liver Sestrins control WAT remodeling upon deprivation of 
dietary leucine. (A) Body weights of female mice of the indicated genotypes 
fed the indicated diets (n = 5 to 12 mice). The daily body weight 
measurements of each mouse during initial maintenance on an amino acid- 
replete control diet were averaged; the percent change from this average 

is depicted. Statistical comparisons to the wild-type group (*) and the 
Sesn2”~ group (#) are shown. (B) Images of gonadal WAT in female mice of 
the indicated genotypes after 8 days on the indicated diets. Images are 
representative of 3 to 4 mice. (©) H&E analyses of gonadal WAT sections 


from female mice of the indicated genotypes after 8 days on the indicated 
diets. Images are representative of 3 to 4 mice. Scale bar, 50 um. (D and 
E) Gonadal WAT (D) and gastrocnemius muscle (E) weights of female mice 
with the indicated genotypes after 8 days on a leucine-free diet (n = 5 to 

7 mice). Tissue weights of each mouse are presented as percent of the 
average body weight (BW) on the amino acid-replete control diet. Data are 
the mean + SEM. P values were determined using repeated measures two- 
way ANOVA with Tukey test (A) or one-way ANOVA with Tukey test [(D) and 
(E)]. *P < 0.05, **P < 0.01. 


deletion prevented these effects (Fig. 4, B to 
E, and fig. S15, B to D). When deprived of 
leucine, DKO and LiDKO mice had similar 
increases in plasma FGF21 (Fig. 4A), pinpoint- 
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ing the liver as the likely source of the FGF21. 
Correspondingly, leucine deprivation increased 
the amount of Fgf21] mRNA in the liver of DKO 
mice (fig. SI5E), resulting in a boost in hepatic 


FGF21 protein amounts that strongly corre- 
lated with those in the plasma (fig. SI5F). 
Consistent with estrogen signaling potenti- 
ating hepatic FGF21 production (54), FGF21 
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Fig. 4. During dietary leucine deprivation, Sestrins in the liver control 
WAT maintenance through FGF21 production. (A) Plasma FGF21 
concentrations in female mice of the indicated genotypes 24 hours after 
feeding with the indicated diets (n = 5 to 12 mice). (B) Body weights of female 
mice of the indicated genotypes during feeding with a leucine-free diet (n = 5 to 
10 mice). The daily body weight measurements of each mouse during initial 
maintenance on an amino acid-replete control diet were averaged; the percent 
change from this average is depicted. Statistical comparisons to the DKO group 
are shown. (C) Gonadal WAT weight of female mice with the indicated genotypes 
after 8 days on a leucine-free diet (n = 5 to 10 mice). Tissue weights of each mouse 
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are presented as percent of the average body weight on the amino acid-replete 
control diet. (D) Images of gonadal WAT in female mice of the indicated genotypes 
after 8 days on a leucine-free diet. Images are representative of 5 to 10 mice. 

(E) H&E analyses of gonadal WAT sections from female mice of the indicated 
genotypes after 8 days on a leucine-free diet. Images are representative of 5 to 
10 mice. Scale bar, 50 um. (F) Volcano plot of genes differentially expressed 

in WT and DKO livers after 24 hours of leucine-free feeding (n = 7 to 18 mice). 
Transcripts that are differentially expressed =1.5-fold with a false discovery rate 
(FDR) of <0.01 are depicted in black. Among these, ATF4 target genes are 
depicted in red. For better visualization, Sesnl [loga(fold change) = -1.60; 
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—logio(FDR) = 79.87] was excluded from the plot. Sesn2 reads in DKO 

mice are derived from nonfunctional transcripts generated by the Sesn2 null 
allele. See fig. S16 for additional analysis. (G) Female mice of the indicated 
genotypes were fed with the indicated diets for 24 hours, and liver lysates 
were analyzed by immunoblotting for the phosphorylation state and amounts 
of the indicated proteins (n = 8 to 9 mice). (H) Quantification of leucine in 
the livers of female mice of the indicated genotypes after 24 hours of 
feeding with the indicated diets (n = 6 to 10 mice). Molar quantities 

are normalized to tissue weights. (1) Relative abundances of amino acids with 
in the livers of female mice of the indicated genotypes after 24 hours of 
feeding with a leucine-free diet. Abundances are normalized to tissue weights 


concentrations increased less in male than 
female DKO mice deprived of leucine (fig. 
S15G), perhaps accounting for the more mod- 
est loss of WAT observed in males (fig. S5C). 

Fgf21 expression in the liver is transcrip- 
tionally regulated by several mechanisms, in- 
cluding the transcription factor ATF4 (55-57). 
Transcriptome analysis revealed that during 
leucine deprivation, DKO mice strongly induced 
ATF4: activity in the liver, as they had increased 
expression of many ATF4 target genes com- 
pared with leucine-deprived wild-type controls 
at short (24 hours) and long (8 days) time- 
points after the start of the leucine-free diet 
(Fig. 4F and fig. $16). ATF4 is induced by 
eukaryotic translation initiation factor 2 sub- 
unit alpha (eIF2a) phosphorylation during the 
integrated stress response (ISR) (58). Consis- 
tent with activation of the ISR in the livers 
of DKO mice, leucine starvation led to an in- 
crease in eIF2a phosphorylation and ATF4 
protein (Fig. 4G). Independently of eIF2a, 
mTORC1 itself can also promote Atf# mRNA 
translation (59, 60) and so may contribute to 
the observed increase in ATF4 protein. Oxida- 
tive stress can also induce ATF4 (67, 62), but 
we observed no differences in redox state be- 
tween wild-type and DKO livers during leu- 
cine deprivation, as indicated by the ratios of 
GSH:GSSG, NADH:NAD+, and AMP:ATP (fig. 
S17, A to C). 

Several stress-activated kinases can phosphor- 
ylate eIF2a, including PERK, which responds 
to endoplasmic reticulum (ER) stress, and 
GCN2, which is activated by the uncharged 
tRNAs that accumulate when amino acids 
are limiting for tRNA aminoacylation (63). 
Leucine starvation did not increase PERK 
autophosphorylation, a marker of its activ- 
ity, as compared with treatment with tuni- 
camycin, a canonical activator of ER stress 
(fig. S17D). In contrast, leucine deprivation 
strongly and rapidly boosted GCN2 activity 
(indicated by its autophosphorylation) and 
ATF4 target gene expression in the liver dur- 
ing the initial 3 to 6 hours of refeeding with 
the leucine-free diet (figs. S18 and S19). No- 
tably, while wild-type mice largely showed 
suppression of this initial ISR induction with- 
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in 24 hours of leucine starvation, DKO mice 
retained elevated GCN2 activity (Fig. 4G), sug- 
gesting that the Sestrins are required for the 
liver to maintain amino acid homeostasis 
during leucine deprivation. Indeed, while 
leucine starvation reduced leucine to equally 
low levels in the livers of both wild-type and 
DKO mice (Fig. 4H and fig. S20A), wild-type 
mice largely maintained or even increased the 
levels of other proteogenic amino acids in the 
liver, but DKO mice did not and had lower 
hepatic levels of several amino acids (Fig. 41 
and fig. S20A). 

A major source of amino acids in the liver 
is the degradation of proteins by autophagy 
(64, 65), a process suppressed by mTORC1 
through inhibitory phosphorylation of the 
kinase ULK1 (4, 27-23). Notably, many of the 
amino acids reduced in the livers of DKO 
mice, particularly isoleucine, valine, threo- 
nine, tyrosine, and serine, are also affected in 
the livers of mice with hepatic autophagy dis- 
ruption (65). We therefore examined autoph- 
agic flux by measuring LC3B lipidation after 
treating mice with the lysosomal protease in- 
hibitor leupeptin (66, 67). Compared with a 
control diet, leucine deprivation increased 
autophagic flux in wild-type livers (fig. S20B). 
In contrast, in DKO mice, leucine deprivation 
did not relieve the inhibitory phosphorylation 
of ULK1 by mTORC1 (fig. S20C) or induce au- 
tophagic flux (Fig. 4J), providing a likely ex- 
planation for their activation of GCN2 and 
expression of ATF4 and FGF21. 

Protein synthesis can also affect levels of 
amino acids through their consumption and 
is regulated by both mTORC1 and GCN2 
(68). However, we found no significant impact 
of Sestrin expression on protein synthesis in 
the liver, as assessed by polysome profiling 
and puromycin incorporation into protein 
(fig. S21). 

In DKO mice on the leucine-free diet, inhi- 
bition of mTORC1 with rapamycin attenuated 
the aberrant phosphorylation of mTORC1 sub- 
strates, drop in hepatic amino acids, ATF4 
target gene expression, and plasma FGF21 
concentrations (fig. S22). Together, these re- 
sults confirm that, as with WAT mass (fig. S10, 


and shown relative to the average abundances in wild-type livers (n = 6 to 
10 mice). Data were acquired from the same samples as in (H). Amino acids 
with significant changes (P < 0.05) are shown. See fig. S20A for data for 
all amino acids and experimental groups. (J) Female mice of the indicated 
genotypes were treated with leupeptin or vehicle for 4 hours after 24 hours 
of feeding with a leucine-free diet. Liver lysates were analyzed by 
immunoblotting for amounts of the indicated proteins (n = 3 to 4 mice). 
Data are the mean + SEM. P values were determined using one-way ANOVA 
Tukey test [(A) and (C)], repeated measures two-way ANOVA with 
Tukey test (B), or two-tailed t test [(G) to (J)]. *P < 0.05, **P < 0.01, ***P < 
0.001, ****P < 0.0001. 


B to D), the Sestrins affect leucine-sensitive 
physiology through mTORCI1. 


Leucine sensing is spatially compartmentalized 
in the liver and drives a zonated response to 
dietary leucine deprivation 


Within the liver, hepatocytes are organized 
into a large number of hexagonally shaped 
lobules. Nutrient-rich blood coming from the 
gastrointestinal tract enters the periphery of 
each lobule through branches of the portal 
vein and percolates through sinusoids be- 
tween the hepatocytes before exiting at the 
central vein. Hepatocytes in different zones of 
the lobule can have distinct metabolic func- 
tions and transcriptional programs (69, 70), so 
we reasoned that there might be a spatial 
organization to Sestrin1 and Sestrin2 expres- 
sion within the liver lobule. Indeed, using 
single-molecule fluorescence in situ hybrid- 
ization, we observed zonated expression of 
the SesnI and Sesn2 mRNAs, with many tran- 
scripts in periportal and midlobular hepato- 
cytes and fewer in the pericentral hepatocytes 
marked by Glul expression (Fig. 5A and fig. 
$23, A to C). This finding suggested that there 
also might be zonal differences in the leucine 
sensitivity of mTORCI1 signaling, which we 
monitored using an immunofluorescence 
assay for phosphorylated S6, a marker of 
mTORC1 activity. Notably, mTORC1 activ- 
ity was not uniform across the liver lobule 
in wild-type mice fed a leucine-free diet. It 
was inhibited in the periportal and midlobular 
hepatocytes that express Sestrin but active in 
the pericentral ones that do not. In contrast, in 
DKO mice starved of leucine, mTORC1 activity 
was uniform across the lobule and indistin- 
guishable from that in mice fed amino acid- 
replete food (Fig. 5B and fig. S23D). 

To understand the impact of zonated 
mTORCI activity, we determined the spatial 
pattern of Fgf21 expression in wild-type and 
DKO mice. Fgf21 was minimally expressed in 
the livers of mice fed a control diet but was 
induced upon leucine deprivation in the peri- 
portal and midlobular hepatocytes that ex- 
press Sestrin. This induction was amplified by 
Sestrin loss (Fig. 5C and fig. S23E), consistent 
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Fig. 5. Zonated Sestrin expression establishes leucine-sensitive and 
leucine-insensitive compartments in the liver. (A) Representative images and 
quantification of Sesn2 mRNA in the livers of wild-type female mice 24 hours 
after feeding with the indicated diets (16 to 18 lobules from three mice per 
diet). Glu! encoding glutamine synthetase marks pericentral hepatocytes. Shown 
are statistical comparisons to layer 1 for each diet. (B) Representative images 
and quantification of S6 phosphorylation as detected in immunofluorescence 
assays in liver sections from female mice of the indicated liver genotypes 3 hours 
after refeeding with the indicated diets (12 to 24 lobules from four to seven 


mice per genotype per diet). GS indicates glut 


amine synthetase and marks 


pericentral hepatocytes. Statistical comparisons between genotypes on the 
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with the increase in ATF4 detected by im- 
munoblotting (Fig. 4G). Furthermore, Sesn2, 
which is itself an ATF4 target (7), was also 
induced by leucine deprivation in wild-type 
mice (Fig. 4G) in the same zones as Fgf21 
(Fig. 5, A and C). The pericentral hepatocytes 
did not activate the ISR during leucine dep- 
rivation, as indicated by their lack of Fgf21 
induction, despite maintaining high mTORC1 
activity. This suggests that they are intrinsi- 
cally resistant to the negative effects of leucine 
deprivation, perhaps accounting for why they 
are wired to have low Sestrin expression. The 
lack of ISR activation in these cells may itself 
contribute to their low expression of Sesn2, as 
itis an ATF4 target gene. The resistance of the 
pericentral hepatocytes may stem from known 
features of these cells, including their con- 
stitutively high levels of autophagy (72, 73), 
expression of ER chaperones (74), and synthe- 
sis of intracellular glutamine whose efflux can 
drive leucine uptake (75). We conclude that 
in the liver, the Sestrin-imposed and zone- 
specific regulation by leucine of mTORC1 sig- 
naling is necessary to attenuate the stress of 
dietary leucine deprivation (Fig. 5D). 


Discussion 


The nature of the leucine sensing pathway up- 
stream of mTORC1 has been controversial, and 
many diverse sensors and mechanisms have 
been proposed to play a role (24-31), largely 
on the basis of work in cultured cells. We find 
that Sestrinl and Sestrin2 control mTORC1 
activity in response to leucine in vivo and that 
this modulation is necessary for mice to adapt 
to limitations in dietary leucine. These data, 
along with previous biochemical and struc- 
tural work (32, 33), are consistent with Ses- 
trinl and Sestrin2 being leucine sensors for 
the mTORCI1 pathway. It has been proposed 
that the Sestrins can function through AMPK 
(31), but we found that AMPK is not required 
for dietary leucine to regulate mTORC1 in our 
model system. This does not preclude the pos- 
sibility, however, that Sestrin loss may second- 
arily affect AMPK, because mTORC1 activity is 
known to drive energetic stress (76). 

Further, our results suggest a temporal rela- 
tionship between the activities of mTORC1 
and GCN2 in the response to dietary leucine 
deficiency, in which Sestrin-mediated mTORC1 
inhibition is necessary to maintain amino acid 
homeostasis and attenuate GCN2 activity dur- 
ing prolonged, but not acute, leucine depriva- 
tion. As GCN2 also modulates mTORC1 activity 
through ATF4-mediated Sesn2 expression (77), 
our data reflect a homeostatic mechanism of 
reciprocal cross-talk between these amino 
acid-sensitive kinases. 

We also reveal a previously unappreciated 
complexity to nutrient sensing by mTORC1 
in vivo. In the liver lobule, only hepatocytes in 
certain zones appreciably express the Sestrins, 
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and only in these zones is mTORC1 signaling 
sensitive to dietary leucine. In considering 
why this might be the case, it is worth recall- 
ing that mTORCI controls a large number of 
metabolic pathways and is also regulated by a 
diverse set of nutrients (4, 27-23). Such an 
arrangement sets up a conundrum: How can 
mTORCI regulate a metabolic pathway in re- 
sponse to the concentrations of a specific 
nutrient—such as one consumed by the 
pathway—but not to others to which sensi- 
tivity would be unfavorable? 

We hypothesize that, at least in the liver, 
the zonated expression of nutrient sensors 
is part of the answer, along with the well- 
appreciated zonation of many metabolic pro- 
cesses. Although at the whole-liver level we 
were unable to detect changes in protein syn- 
thesis, it is noteworthy that the periportal 
hepatocytes that express the Sestrins also 
have been reported to play a predominant 
role in liver protein synthesis (77, 78), a pro- 
cess that can be regulated by mTORC1 and 
consumes leucine. Conversely, the pericentral 
hepatocytes that have low Sestrin expression 
are the main site of ketogenesis, a process 
that mTORCI can inhibit (47) but for which 
leucine sensitivity would be inappropriate 
given that an abundant supply of dietary glu- 
cose, regardless of leucine availability, ren- 
ders ketones redundant as a fuel source. The 
combinatorial impact of the zonated expres- 
sion of the nutrient sensors that signal to 
mTORCI1 and of the metabolic processes 
controlled by it may underlie how one path- 
way can appropriately regulate such a variety 
of metabolic processes in response to diverse 
nutritional states. 
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NEUROGENOMIC IMAGING 


Conservation and divergence of cortical cell 
organization in human and mouse revealed by MERFISH 


Rongxin Fang", Chenglong Xia’++, Jennie L. Close”, Meng Zhang’, Jiang He’§, Zhengkai Huang?, 
Aaron R. Halpern’, Brian Long’, Jeremy A. Miller?, Ed S. Lein?, Xiaowei Zhuang** 


The human cerebral cortex has tremendous cellular diversity. How different cell types are organized in the human 
cortex and how cellular organization varies across species remain unclear. In this study, we performed spatially 
resolved single-cell profiling of 4000 genes using multiplexed error-robust fluorescence in situ hybridization 
(MERFISH), identified more than 100 transcriptionally distinct cell populations, and generated a molecularly 
defined and spatially resolved cell atlas of the human middle and superior temporal gyrus. We further explored 
cell-cell interactions arising from soma contact or proximity in a cell type-specific manner. Comparison of the 
human and mouse cortices showed conservation in the laminar organization of cells and differences in somatic 
interactions across species. Our data revealed human-specific cell-cell proximity patterns and a markedly 
increased enrichment for interactions between neurons and non-neuronal cells in the human cortex. 


he human cerebral cortex comprises bil- 
lions of cells of distinct types (7). The 
spatial organizations and interactions 
of these cells play a critical role in shap- 
ing and maintaining various brain func- 
tions (2). For instance, interactions between 
neuronal and non-neuronal cells are essential 
for axonal conduction, synaptic transmission, 
and tissue homeostasis and are required for 
normal functioning of the brain (3, 4). Disrup- 
tion of such cell-cell interactions contributes 
to various neurological disorders, such as autism 
(5), schizophrenia (6), and Alzheimer’s disease 
(7). Yet we have only a limited understanding 
of the organizations and interactions of dif- 
ferent cell types in the human cortex. 
Recent single-cell RNA sequencing (scRNA- 
seq) analysis has revealed a diversity of tran- 
scriptionally distinct cell populations in the 
human middle temporal gyrus (MTG) (8). 
Efforts that combine scRNA-seq with micro- 
dissection (8), and more recently in situ se- 
quencing to target 120 genes (9), have revealed 
the laminar organization of these transcription- 
ally defined neuronal cell types—in particular, 
the excitatory neurons—in the human MTG. 
These studies, however, did not elucidate the 
spatial relationship between cell types at high 
resolution, and a systematic characterization 
of cell-cell interactions among this high diver- 
sity of cell types is still lacking. Single-cell tran- 
scriptomics and epigenomics analyses have also 
provided rich insights into the evolution of 
cellular diversity and molecular signatures of 
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cell types in the cortices of mice, marmosets, and 
humans (8, 10, 12), but how the spatial rela- 
tionship and interactions between different cell 
types vary across species remains largely unclear. 


Single-cell transcriptome imaging 
of the human cortex 


Single-cell transcriptome imaging allows in situ 
gene expression profiling of individual cells 
and, hence, high-resolution spatial mapping of 
cell type organization in complex tissues. Here 
we describe single-cell transcriptome imaging 
of the human brain performed with multi- 
plexed error-robust fluorescence in situ hy- 
bridization (MERFISH) (12). We carried out 
MERFISH measurements of the human MTG 
and superior temporal gyrus (STG) from fresh- 
frozen neurosurgical and postmortem brain 
samples, targeting 4000 genes (Fig. 1A). These 
genes included 764 differentially expressed 
marker genes in cell clusters derived from 
single-nucleus SMART-seq data of the MTG 
(8) and additional expressed genes that were 
largely randomly selected to increase the gene 
coverage. This allowed us to include potential 
marker genes not identified in the SMART-seq 
data, as well as functionally important genes 
such as ligands and receptors. To overcome 
the high autofluorescence background in hu- 
man tissues due to lipofuscin, we photobleached 
the samples with light-emitting diode arrays 
(13) before MERFISH imaging. We then used 
expansion microscopy (J4) to reduce the mo- 
lecular crowding associated with imaging a 
large number of genes (15, 16). 

Individual RNA molecules were identified 
and assigned to segmented cells to determine 
the single-cell expression profiles (Fig. 1B and 
fig. Sl). We imaged five tissue sections from 
neurosurgical MTG samples (from two male 
individuals, 36 and 32 years old) and five sec- 
tions from postmortem STG samples (from 
two male individuals, 29 and 42 years old). 
MERFISH expression data showed excellent 


reproducibility between replicates (fig. S2, A 
and B); high correlation between neurosur- 
gical MTG and postmortem STG samples, 
albeit with a lower total transcript count in 
the latter, likely due to RNA degradation (fig. 
$2C); and high correlation with bulk RNA 
sequencing data (fig. $3). 

To test whether the molecular crowding as- 
sociated with imaging 4000 genes caused sub- 
stantial reduction in the detection efficiency, 
we performed MERFISH imaging on 250 of 
the 764 marker genes (in two expanded tissue 
sections for detection efficiency assessment 
and in three additional unexpanded sections 
to increase the number of cells imaged). The 
detection efficiency of the 4000-gene measure- 
ments was, on average, ~57% of that of the 
250-gene measurements on expanded sections, 
with high correlation between the two mea- 
surements (fig. S4). 


Cell type classification of the human cortex 


We used single-cell expression profiles derived 
from the 4000-gene MERFISH data to iden- 
tify transcriptionally distinct cell populations. 
First-level clustering detected excitatory 
and inhibitory neurons, as well as major sub- 
classes of non-neuronal cells such as microglia, 
astrocytes, oligodendrocytes, oligodendrocyte 
progenitor cells (OPCs), endothelial cells, and 
mural cells, as characterized by the marker 
genes identified by SMART-seq (8) (fig. S5). 
We then performed separate clustering 
analyses of inhibitory and excitatory neurons 
from the MERFISH data, which corresponded 
closely with those independently determined 
from the SMART-seq data (fig. S6). To com- 
bine information from both datasets, we per- 
formed integrated analysis of MERFISH and 
SMART-seq data (fig. S7, A and B). This anal- 
ysis classified inhibitory neurons into four 
subclasses (denoted by marker genes SST, VIP, 
PVALB, and LAMP5, respectively) and excit- 
atory neurons into nine subclasses (L2/3 IT, 
14/5 IT, L5 IT, L6 IT, L6 IT CAR3, L5 ET, L5/6 
NP, L6 CT, and L6b), with most subclasses 
further subdivided into multiple clusters (Fig. 
1C). Because non-neuronal cells were depleted 
from the SMART-seq dataset (8), we identified 
clusters within individual subclasses of non- 
neuronal cells from the 4000-gene MERFISH 
data alone (Fig. 1C and fig. S7C). Altogether, we 
identified a total of 125 transcriptionally dis- 
tinct cell populations in the human MTG and 
STG—29 excitatory, 39 inhibitory, and 57 non- 
neuronal clusters (Fig. 1C and fig. S7)—revealing 
not only a high diversity of neurons but also 
a high diversity of non-neuronal cells in the 
human cortex. To include the 250-gene data 
for downstream analysis, we performed super- 
vised classification to predict their cell type 
labels (at the cluster level for neurons and the 
subclass level for non-neuronal cells) on the 
basis of annotations from the 4000-gene data. 
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Fig. 1. Spatially resolved single-cell transcriptome profiling of the human 
cortex by MERFISH. (A) Schematic of 4000-gene MERFISH measurements of 
the human MTG and STG using a 48-bit error-correcting code. DAPI, 4',6- 
diamidino-2-phenylindole; polyA, polyadenylate; HW, Hamming weight; HD, 
Hamming distance. (B) Example MERFISH images. (Left) MERFISH image of a 
single field of view, with maximum projection across all 48 bits. (Middle) 
Zoomed-in view of the boxed region in the left panel. (Right) Decoded RNA 
molecules of the region shown in the middle panel. Scale bars indicate the real 
size of the sample before expansion. (C) Cell type classification of the MTG and 
STG from MERFISH data and the expression of a subset of marker genes. EXC, 
excitatory neurons; INH, inhibitory neurons; ASC, astrocytes; MGC, microglial 


Cell compositions of the human 

and mouse cortices 

Quantitative analysis of the cell composition 
using the MERFISH data showed that the hu- 
man MTG and STG (white matter excluded) 
were composed of 26% excitatory neurons, 11% 
inhibitory neurons, and 63% non-neuronal 
cells (Fig. 1D). The excitatory neurons were 
predominantly intratelencephalic (IT) neu- 
rons (~93%), with only a small fraction of non- 
IT neurons (L6 CT, L5 ET, L5/6 NP, and L6b 
cells) (Fig. 1E, left). The IT neurons were sub- 
divided into 46% L2/3 IT, 18% L4/5 IT, 19% L5 
IT, 13% L6 IT, and 4% L6 IT CAR3 cells (Fig. 
1E, middle). The inhibitory neurons were com- 
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mouse cortical regions. 


posed of 13% LAMP5, 26% PVALB, 30% SST, 
and 31% VIP cells (Fig. 1E, right). 

Next, we compared cell composition in hu- 
man and mouse cortices. The human STG con- 
tains the auditory cortex, whereas the human 
MTG does not have a counterpart in mice, with 
the mouse temporal association area (TEa) 
considered to be the closest ortholog. We thus 
considered two MERFISH datasets that cover 
several regions of the mouse cortex: (i) our re- 
cently reported 258-gene MERFISH dataset 
of the primary motor cortex (MOp) (7) and (ii) a 
dataset generated from additional MERFISH 
experiments on a more posterior part of the 
mouse cortex, containing the visual cortex 


cells; OGC, oligodendrocytes; OPC, oligodendrocyte progenitor cells; ENDO, 
endothelial cells; MURAL, mural cells; IT, intratelencephalic-projecting neurons; 
ET, extratelencephalic-projecting neurons; NP, near-projecting neurons; CT, 
cortico-thalamic projecting neurons. The size and color of each dot correspond to 
the percentage of cells expressing the gene in each cluster and the average 
normalized expression level, respectively. (D) Proportions of excitatory 
neurons, inhibitory neurons, and major subclasses of non-neuronal cells in 
human MTG and STG and four mouse cortical regions (MOp, VIS, AUD, and TEa). 
(E) Proportion of subclasses of excitatory neurons (left), IT neurons 

(middle), and inhibitory neurons (right) in human MTG and STG and the four 


(VIS), auditory cortex (AUD), and TEa (fig. S8) 
using a similar gene panel and experimental 
protocol as for the MOp (77). Similar cell com- 
positions were observed across these different 
mouse cortical regions (Fig. 1, D and E). 
However, the cell composition of the human 
MTG and STG was substantially different from 
that of the mouse cortical regions. We observed 
a lower proportion of excitatory neurons and a 
higher proportion of glial cells (including as- 
trocytes, oligodendrocytes, OPCs, and microglia) 
in the human cortex (Fig. 1D). The glia-to- 
neuron ratio was 1.4, consistent with results from 
various human cortical regions determined by 
other cell-counting methods (/8, 19) and five 
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Fig. 2. Laminar organization of cell types in the human and mouse cortices. (A) Spatial maps of subclasses of excitatory neurons, inhibitory neurons, and glial cells determined 
by MERFISH in a human MTG slice and a mouse slice containing VIS, AUD, and TEa. Indicated subclasses are shown in colors; other cells are in gray. (B) Cortical-depth distribution 
of excitatory (top), inhibitory (middle), and non-neuronal (bottom) clusters in the human MTG. The dashed lines mark the approximate layer boundaries. WM, white matter. 


times the ratio observed in mice (Fig. 1D) (77, 20). 
The excitatory-to-inhibitory neuron ratio was 
2.3 in humans, in line with recent independent 
measurements (9, 17) and one-third of the ratio 
observed in mice (Fig. 1D) (7, 20). 

Among the excitatory neurons, the non-IT 
neuron proportion dropped from 29% in mice 
to 7% in humans (Fig. 1E, left), consistent with 
recent observations that L5 ET and L6 CT are 
less abundant in primates than in mice (ZZ). 
The dominance of IT neurons in humans sug- 
gests an increased emphasis of intracortical 
communications. For inhibitory neurons, we 
observed a decrease in the proportion of PVALB 
neurons and an increase in the proportion of 
VIP neurons in humans relative to mice (Fig. 
1E, right). In behaving animals, V7P interneu- 
rons regulate inhibition of excitatory neurons 
through inhibition of other interneurons, and 
such disinhibition facilitates modulation of 
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sensory response and network dynamics by 
behavioral state and learning (27). The ob- 
served increase in V7P interneuron propor- 
tion thus suggests a potential mechanism for 
the enhanced capability of state-dependent 
sensory processing and learning-related neu- 
ronal dynamics in humans. 


Spatial organizations of cells in the human 
and mouse cortices 


In situ identification of cell types by MERFISH 
allowed us to map their spatial organizations. 
In humans, we observed a laminar organiza- 
tion of IT neurons across the cortical depth, 
whereas other excitatory neurons (including L5 
ET, L5/6 NP, L6 CT, and L6b) were populated 
mostly in the deep layers (Fig. 2 and figs. S9 and 
S10), as expected (8, 9, 22). Among inhibitory 
neurons, V7P and LAMP5 were enriched in the 
upper layers (L1 to L3), whereas PVALB and 


SST were more broadly distributed across the 
layers (Fig. 2 and figs. S9 and S10), consistent 
with previous observations (8, 9, 22). At the 
cluster level, inhibitory neurons also adopted a 
laminar organization, with many inhibitory 
clusters primarily restricted to one cortical 
layer or even a subportion of a layer (Fig. 2B, 
middle, and fig. S9), enriching and refining the 
knowledge of layer-restricted inhibitory neuron 
distributions (8). These spatial organizations of 
neurons were largely similar to those observed 
in the mouse cortex (figs. S10 and S11) (77). 
Despite the overall conservation of laminar 
organization, we also found differences be- 
tween humans and mice for some neuronal 
cell types. For instance, the L6b neurons were 
broadly dispersed in L6 and extended into L5 
and white matter in the human MTG and 
STG, whereas in mice L6b formed a thin layer 
at the bottom of L6 (Fig. 3A), consistent with 
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previous findings (22, 23). The L4/5 IT neu- 
rons formed a dense and thin layer in the hu- 
man MTG and STG, giving rise to a substantially 
higher density of excitatory neurons in L4 
(Fig. 3, B and C, top). By contrast, the density 
of excitatory neurons in the mouse cortex was 
more uniform across L2/3 to L6 (Fig. 3C). L4 
is known to vary between different cortical 
regions, so whether this difference is region- 
or species-specific remains an open question, 
although the several mouse cortical regions that 
we examined exhibited a similar density profile. 
We also observed a different cortical-depth de- 
pendence for the excitatory-to-inhibitory neu- 
ron ratio between humans and mice (Fig. 3C). 

Non-neuronal cells also exhibited laminar 
organization in the human cortex. Oligoden- 
drocytes were enriched in the deeper layers 
and white matter and depleted in the upper 
layers (L1 to L3) (fig. $10) (9). Although astro- 
cytes, microglia, OPCs, endothelial cells, and 
mural cells were dispersed across all cortical 
layers at the subclass level (fig. S10), these cell 
types exhibited laminar organization at the 
cluster level (Fig. 2B, bottom). For example, 
the ASC i cluster was localized in LI, likely 
representing interlaminar astrocytes (24); ASC 
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ii was enriched in L1 and L2/3; ASC iii and ASC 
iv were enriched in L2/3 and L4; ASC v to ix 
were dispersed across L2 to L6; and ASC x and 
xi were enriched in L6 and white matter (Fig. 
2B, bottom), improving our understanding of 
astrocyte diversity and organization (8, 25, 26). 
Similarly, nearly all non-neuronal subclasses 
exhibited a gradually evolving cell composition 
across the cortical depth (Fig. 2B, bottom). 


Cell-cell interactions in the human 
and mouse cortices 


High-resolution MERFISH measurements of 
the spatial relationship between cells allowed 
us to predict cell-cell interactions arising from 
somatic contact or paracrine signaling (27, 28), 
which can be inferred from soma contact or 
proximity that occurred at a higher frequency 
than random chance. Our MERFISH images 
showed frequent somatic contact or proximity 
between cells (Fig. 4A and fig. S12, A and B). 
Although the cell density in the human cortex 
was one-third of that in mice (fig. S12C), the 
median centroid distance between nearest- 
neighbor cells in humans was nearly identical to 
that in mice and comparable to the mean soma 
size (fig. S12, B and D), suggesting that specific 
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Fig. 3. Cortical-depth distributions 
of L6b, L4/5 IT, and excitatory-to- 

f inhibitory neuronal ratio. (A and 
B) Spatial maps of L6b (A) and L4/5 IT 
(B) neurons in a human MTG slice (top), 
a human STG slice (upper middle), a 
VlS-containing region in a mouse slice 
(lower middle), and an AUD-containing 
region in a mouse slice (bottom). 
(C) Normalized cortical-depth distributions 
of excitatory (EXC) and inhibitory (INH) 
neurons, E:I ratio (i.e., the ratio of 
excitatory to inhibitory neurons), and E:| 
ratio z score in human (top) and mouse 
(bottom) cortices. 


mechanisms may exist to maintain or enhance 
cell-cell interactions in the expanded human 
cortex. To examine whether these potential 
cell-cell interactions were cell type specific, we 
considered cell types at the subclass level and 
calculated the frequency at which soma contact 
or proximity, determined on the basis of centroid 
distance (fig. S12A), was observed between two 
subclasses of cells. We then determined whether 
this frequency was significantly greater than 
random chance, thus reflecting an enrich- 
ment, by comparing the observed frequency 
with the expected frequencies from random 
spatial permutations that disrupted the spa- 
tial relationship between neighboring cells 
while preserving the local density of each cell 
type (figs. S13 to S15). 

We observed cell type-specific patterns for 
soma contact or proximity enrichment in the 
human cortex that were different from those 
in the mouse cortex (Fig. 4B and fig. S16). Sim- 
ilar human-mouse differences were observed 
when we used segmented cell boundaries in- 
stead of distances between cell centroids to 
determine contacting cell pairs (fig. S17). 

Inhibitory neurons and some deep-layer ex- 
citatory neurons in humans showed a tendency 
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Fig. 4. Cell type-specific cell-cell interactions in the human and mouse 
cortices. (A) Spatial map of excitatory neurons, inhibitory neurons, and six major 
subclasses of non-neuronal cells in a human MTG slice (left) and a zoomed-in 
view of the boxed region (right). Colored shapes are cell nuclei segmentations. 
(B) Enrichment map of pairwise soma contact or proximity for subclasses of cells 
in human (left) and mouse (right) cortices. Dot color indicates the fold change 
between the observed frequency of soma contact or proximity and the average 
expected frequency from the spatial permutations that disrupt the spatial 


to form contacting or proximity pairs among 
cells within the same subclass (Fig. 4B, left, and 
fig. S17). These results were further supported 
by examining the distances from individual 
neurons to their nearest neighbors in the same 
or different types (Fig. 4C, top). This tendency 
was also observed in mice but to a lesser degree 
for some neuronal types (Fig. 4, B and C), con- 
sistent with the previous observation that 
inhibitory neurons in mice tend to form in- 
trasubtype nearest-neighbor pairs (29). Some 
non-neuronal cell types also exhibited such 
tendency for intratype soma proximity, but 
with noticeable differences between humans 
and mice. For example, we observed enrichment 
for soma contact or proximity among astrocytes 
in humans but not in mice (Fig. 4B and fig. 
S17). It has been shown that the processes of 
neighboring astrocytes intermingle substantially 
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more in humans than in mice (25, 26, 30). 
Whether these observations are related to our 
findings here remains an open question. 

A notable difference between humans and 
mice was observed for glial-vascular interac- 
tions. The human, but not mouse, cortex exhib- 
ited enrichment for soma contact or proximity 
between glial and vascular cells (Fig. 4B and 
fig. S17). MERFISH images showed that the 
cell bodies of oligodendrocytes and microglia 
were often clustered around vascular struc- 
tures formed by endothelial and mural cells 
(Fig. 5A). These observations are corroborated 
by a recent electron microscopy study (30), 
which showed that oligodendrocyte and mi- 
croglial cell bodies are adjacent to blood ves- 
sels, whereas astrocytes contact blood vessels 
primarily with their end feet but not cell bodies. 


Enrichment for soma 
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boring cells (fig. S13). Dot size indicates the 


significance level of the enrichment. False discovery rate (FDR): P value deter- 
mined with upper-tailed z test and adjusted to FDR by the Benjamini-Hochberg 
(BH) procedure. (C) Distributions of the nearest-neighbor distances from cells in 
individual subclasses to cells in the same subclass (“to self”; 
blue) in human (top) and mouse (bottom) cortices. 
FDR: P value determined with the Wilcoxon rank-sum one-sided test and adjusted 


red) or other 


re. 


that more microglia and oligodendrocytes, but 
not astrocytes, formed somatic contacts with 
blood vessels in humans than in mice (Fig. 5B 
and fig. S18). 

Cross-species differences in cell-cell interac- 
tions were also observed between neurons and 
glial cells—in particular, oligodendrocytes and 
microglia. We observed substantial enrichment 
for soma contact or proximity between neurons 
and oligodendrocytes, including both mature 
oligodendrocytes and OPCs, in humans (Fig. 4B 
and fig. S17). Although somatic contacts be- 
tween neurons and oligodendrocytes were 
also observed in mice and could represent bona 
fide interactions, the frequency of such events 
did not significantly exceed that expected from 
random chance. Moreover, a single neuron 
often formed contacts with several oligoden- 


Quantifications of MERFISH images showed 


drocytes and OPCs in humans, whereas such 
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Fig. 5. Interactions between glial and vascular cells and between glial cells 
and neurons in the human and mouse cortices. (A) Spatial map of 
subclasses of cells in a human STG slice. (Top right) Zoomed-in view of boxed 
i. A blood vessel with juxtaposed glial cells is indicated by a dashed line. 
(Middle right) Zoomed-in view of boxed region ii. Multiway contacts between 
neurons and oligodendrocytes and/or OPCs are indicated by dashed lines. 
(Bottom right) Zoomed-in view of boxed region iii. Contacting pairs of neurons 
microglia are indicated by dashed lines. Colored and gray shapes are cell 
nuclei segmentations. (B) Average numbers of microglia, oligodendrocytes, 
OPCs, and astrocytes adjacent to each identified blood vessel in humans (blue) 
and mice (orange). Error bars denote SDs (n = 3415 vascular structures). 
*EDR <1 10°? (as determined in Fig. 4B). (C) Significance level of multiway 
contacts between neurons and oligodendrocytes and/or OPCs in human (blue) 


region 


and 


multiway contacts were not enriched above 
random chance in mice (Fig. 5, A and C). 

In humans, among OPCs, a specific subpop- 
ulation exhibited a higher tendency to con- 
tact neurons. Our analyses of both MERFISH 
and SMART-seq data (8) showed that ~50% 
of the OPCs expressed glutamate decarbox- 
ylase 1(GADJ), a gene encoding an enzyme that 
synthesizes y-aminobutyric acid (GABA), whereas 
glutamate decarboxylase 2 (GAD2) and the 
GABA transporter gene VGAT (SLC32AI) were 
not expressed in OPCs (fig. S19A). Compared 
with GADI-negative OPCs, GADI-positive OPCs 
contacted neurons at a higher frequency (fig. 
S19, B and C). 

Finally, our data revealed differences in 
microglia-neuron interactions in humans 
and mice. In the human MTG and STG, mi- 
croglia were frequently juxtaposed with neu- 
rons (Fig. 5A), likely representing satellite 
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microglia (37). In addition, these satellite 
microglia exhibited a greater degree of enrich- 
ment for soma contact with or proximity to 
excitatory neurons as opposed to inhibitory 
neurons (Fig. 4B, left; fig. S17; and Fig. 5, A 
and D). Moreover, among excitatory IT neurons, 
the tendency to contact microglia decreased 
with cortical depth (Fig. 5D). By contrast, no 
significant enrichment in microglia-neuron 
contact was observed in the mouse cortex 
(Fig. 4B, fig. S17, and Fig. 5D). 
Furthermore, we identified ligand-receptor 
pairs enriched in contacting pairs of microg- 
lia and IT neurons from the MERFISH data 
(Fig. 5E), further validated by single-molecule 
FISH measurements (fig. S20). Among these, 
several ligands and receptors are genetically 
associated with neurodegenerative diseases 
(Fig. 5E)—for instance, alpha-2-macroglobulin 


inhibitory neurons in humans (left) and mice (right). In each box plot, 
is the median, box edges are the 75th and 25th percentiles, and whiskers extend 


(E) Enrichment of ligand-receptor pairs in contacting microglia and 
The color and size of the dots respectively correspond to the fold change 


(A2M) is genetically associated with Alzheimer’s 


and mouse (orange) cortices. The significance level was determined by comparing 
the observed contact frequency with the expected frequencies from spatial 
permutations as described in fig. S13. FDR: P values determined with an 


usted to FDR by the BH procedure. (D) Ratio between 


observed contact frequency and expected contact frequency (from spatial 


croglia and L2/3 IT, L4/5 IT, L5 IT, L6 IT, and 
he midline 


range. *FDR < 1 x 10° (as determined in Fig. 4B). 


IT neurons. 


e observed ligand-receptor scores over their expected 


values. FDR was determined as indicated for (C). 


disease (32), low-density lipoprotein receptor- 
related protein 1 (RPI) is a master regulator 
of tau uptake and spread (33), and neurexin 
(NRXN1/3) is implicated in autism (34). 


Discussion 


In this study, we demonstrated 4000-gene 
MERFISH imaging of human brain tissues. 
Our MERFISH images enabled in situ iden- 
tification of >100 neuronal and non-neuronal 
cell populations and comprehensive mapping 
of the spatial organization of these cells in 
the human MTG and STG, resulting in a 
molecularly defined and spatially resolved 
cell atlas with high granularity. The cell com- 
position in these human cortical regions dif- 
fered markedly from that observed in several 
mouse cortical regions. The spatial organi- 
zation of cells showed both common and di- 
vergent features between humans and mice. 
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Although we cannot exclude the possibility 
that some of these differences are due to dif- 
ferent cortical regions, we consider this less 
likely because the different mouse cortical re- 
gions that we assessed exhibited similar cell 
type compositions and organizations, and the 
same was true for the human MTG and STG. 
These high-spatial resolution cell atlases 
allowed us to systematically characterize 
proximity-based somatic interactions in a 
cell type-specific manner and revealed differ- 
ences in cell-cell interactions between humans 
and mice. The differences were particularly 
pronounced for interactions between neu- 
ronal and non-neuronal cells. We observed 
substantially increased enrichment for soma 
contact or proximity between neurons and 
oligodendrocytes in the human cortex com- 
pared with the mouse cortex. Perineuronal 
oligodendrocytes (35) can provide metabolic 
support to neurons (36). Hence, the observed 
increase in contact enrichment between oligo- 
dendrocytes and neurons may be a result of 
evolutionary adaptation to higher energy de- 
mands during the firing of individual neu- 
rons in the human brain (37). In addition, we 
observed preferential enrichment for contact 
or proximity between microglia and excitatory 
neurons, compared with inhibitory neurons, 
in the human cortex, whereas the mouse cor- 
tex did not exhibit significant enrichment for 
such microglia-neuron contact. Satellite mi- 
croglia can help maintain tissue homeostasis 
(38), and human genetics evidence suggests 
that microglia play a protective role that lowers 
the incidence of some neurodegenerative dis- 
eases (39). Our observation may thus represent 
a functional interaction between microglia and 
excitatory neurons in humans. Some ligand- 
receptor pairs genetically associated with neuro- 
degenerative diseases were enriched in contacting 
microglia-neuron pairs as compared with non- 
interacting microglia and neurons, suggest- 
ing a possible molecular basis underlying the 
observed microglia-neuron interactions and a 
potential connection of these cell-cell interac- 
tions to neurodegenerative diseases. Evolution 
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of non-neuronal cells has been suggested to 
follow a more complex pattern than simply 
increasing the cell abundance; it also involves 
the diversification of glial cells (40). Our obser- 
vations of the enhanced enrichment for in- 
teractions between neurons and glia in the 
human cortex further expand on this view. 
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A specific circuit in the midbrain detects stress 
and induces restorative sleep 
Xiao Yu’*++§, Guangchao Zhao“{, Dan Wang”, Sa Wang’, Rui Li?, Ao Li?, Huan Wang**, 


Mathieu Nollet”®, You Young Chun’, Tianyuan Zhao, Raquel Yustos?, Huiming Li’, Jianshuai Zhao“, 
Jiannan Li’, Min Cai®, Alexei L. Vyssotski’, Yulong Li**, Hailong Dong”*, 


Nicholas P. Franks*>*, William Wisden'>* 


In mice, social defeat stress (SDS), an ethological model for psychosocial stress, induces sleep. Such 
sleep could enable resilience, but how stress promotes sleep is unclear. Activity-dependent tagging 
revealed a subset of ventral tegmental area y-aminobutyric acid (GABA)-somatostatin (VTA“22"S**) cells 
that sense stress and drive non—-rapid eye movement (NREM) and REM sleep through the lateral 
hypothalamus and also inhibit corticotropin-releasing factor (CRF) release in the paraventricular 


hypothalamus. Transient stress enhances the activity of VT. 


AV8at-Sst calls for several hours, allowing them 


to exert their sleep effects persistently. Lesioning of VTA'**S* cells abolished SDS-induced sleep; 
without it, anxiety and corticosterone concentrations remained increased after stress. Thus, a specific 
circuit allows animals to restore mental and body functions by sleeping, potentially providing a refined 


route for treating anxiety disorders. 


cute stress activates the hypothalamic- 
pituitary-adrenal axis, and the resulting 
fast increase in blood glucocorticoid con- 
centrations aids immediate survival (J-3). 
But chronically increased concentrations 
of glucocorticoids are harmful (J, 2), as can be 
memories of stressful experiences (4). Although 
stress can cause insomnia and raise stress hor- 
mones (3, 5-8), the opposite is also true: Chronic 
stress increases rapid eye movement (REM) 
sleep (9); and sleep in rodents is induced by 
specific types of stress, such as social defeat 
stress (SDS). Although the function and ben- 
efits of sleep remain unclear, sleep is certainly 
restorative (0). Thus, sleep has been suggested 
to be one of the mechanisms for alleviating the 
malign effects of stress (4, 9, 11, 12). Whether a 
specific circuit links stress and sleep is, how- 
ever, unknown. We reasoned that the ventral 
tegmental area (VTA) in the midbrain could 
provide a link. 
The VTA regulates reward, aversion, goal- 
directed behaviors, and social contact (13-15). 
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It also influences responses to stress and threats 
(16, 17), and strongly affects sleep and wake: 
VTA"’2“? and VIA” neurons promote wake- 
fulness (18, 19), whereas VIA’8™ °" 42467 ney- 
rons induce sleep (/8, 20, 27). Because some 
y-aminobutyric acid (GABA) VTA neurons are 
activated by stressful and aversive stimuli 
(16, 22-24), we hypothesized that this route 
allows stress to induce sleep. 


Social defeat stress induces sleep 


We first assessed the sleep-wake architecture 
of mice after they had experienced either SDS 
from aggressors with consecutive episodes of 
SDS for 1 hour, or a control procedure, in which 
the experimental mouse (intruder) was sepa- 
rated from the resident aggressor by a clear 
partition (fig. S1A). As a further control, instead 
of an aggressor mouse, we introduced a juve- 
nile male mouse as the resident for 1 hour 
(fig. S1B). During this nonstress procedure, 
the experimental mice experienced social in- 
teraction. As a control for whether physical 
activity induces sleep, the mice experienced 
voluntary wheel running or forced treadmill 
running continuously for 1 hour (fig. S1, C and 
D); alternatively, as another control, the mice 
were placed in an unfamiliar environment with 
a novel object (fig. SIE). Corticosterone (CORT) 
concentrations in mice increased after the SDS 
sessions (Fig. 1A), but not after exposures to 
juvenile mice, physical exercise, or a novel 
environment or objects (fig. S2, A, C, E, and G). 
After SDS, NREM sleep latency was shortened, 
and both NREM and REM sleep were con- 
tinuously elevated for 5 hours (Fig. 1, B and C, 
and fig. S21, consistent with previous obser- 
vations (II, 25). Mice that experienced a non- 
stressful procedure, voluntary wheel running, 
forced treadmill running or that were deprived 
of 1 hour of sleep by placing them in a novel 


environment, however, did not have induced 
sleep above baseline (fig. $2, A to H and J to 
M), suggesting that social interaction or phys- 
ical exercise did not induce sleep and SDS pro- 
cedures did not cause a sleep rebound while 
the mice were awake. 


Sleep relieves SDS-induced anxiety and CORT 
concentrations independently 


We explored potential functions of sleep after 
SDS. For mice allowed sufficient sleep (home 
cage sleep) after SDS, anxiety-like behaviors 
caused by SDS were rapidly reduced, as seen 
in the elevated plus maze and open-field assays 
(Fig. 1, D to F). If mild sleep deprivation over 
4 hours took place immediately after SDS, the 
mice remained in an anxious state (Fig. 1, D 
to F). For mice allowed sufficient home cage 
sleep after SDS, raised CORT concentrations 
returned to baseline over 60 min (Fig. 1G). If 
mild sleep deprivation occurred immediately 
after stress, however, CORT concentrations 
remained elevated (Fig. 1G). But pharmaco- 
logically reducing the CORT concentrations 
induced by SDS during sleep deprivation, 
by using a corticosterone synthesis inhibitor, 
metyrapone (fig. S3A), did not reduce anxiety 
after sleep deprivation (fig. $3, B and C). 


Identification of neurons activated by stress 


To identify the circuitry that induces restorative 
sleep, we mapped cFOS expression throughout 
the brain. After the SDS protocol (fig. SIA), CFOS 
was strongly increased in brain areas involved 
in stress responses (fig. $4, A and B), including 
the VTA (Fig. 1H and fig. S4). In the VTA, cells 
activated (cFOS-positive) by stress predominantly 
expressed the GABAergic marker Vgat (60%) 
or GABA (57%) (Fig. 1 and fig. S5, A and B), 
whereas relatively fewer cells expressed the 
glutamatergic marker Vglut2 (20%) or the 
dopaminergic marker tyrosine hydroxylase 
(TH) (10%) (fig. S5, C and D). However, phys- 
ical exercise did not induce cFOS in the VTA 
as a whole, and particularly not in VTA’ cells, 
but forced treadmill running slightly increased 
cFOS expression in TH-positive cells (fig. S5, 
E to G). For the subsequent studies, we fo- 
cused on the VTA’®“ neurons, as only these 
induce sleep (J8). 


VTA‘2t neurons have persistently increased 
activity in response to SDS 


VTA'®“ neurons rapidly and strongly responded 
when mice experienced an attack during SDS 
(Fig. 1, J and K), as assessed by GCaMP6 fiber 
photometry. The cells did not respond when 
the mice were presented with novel objects or 
placed in an unfamiliar environment (fig. S6, 
A and B). During SDS, the calcium signal in 
VTA'®“ neurons increased and stayed enhanced 
for about 5 hours (Fig. 1L), correlating with the 
behavioral result of prolonged sleep after SDS 
(Fig. 1, B and C). By contrast, voluntary wheel 
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Fig. 1. Stress increases sleep whereas sleep reduces SDS-induced anxiety 
and stress activates VTA“®** neurons. (A) Experimental procedure and 
corticosterone concentrations (n = 6 mice per group). (B and C) Percentage and 
time of NREM (B) and REM (C) sleep after control or SDS (n = 8 mice per 
group). (D to F) Plan of the experimental procedure (D), tracing of locomotion 
for representative animals (E), time spent in the open arms of the elevated plus 
maze and in the center zone during the open-field test (F) (n = 7 mice per 
group). (G) Plan of the experimental procedure and corticosterone concen- 
trations (n = 6 mice per group). (H and 1) cFOS expression and quantification 
in the VTA after control or SDS (n = 5 mice per group) (H) or in genetically 
labeled VTA"2" neurons (n = 4 mice per group). (). Arrowheads indicate double- 


running, forced treadmill running, or a novel 
environment did not affect baseline activity 
of VTA’S“ neurons (fig. S6, C and D). 


Subsets of VTA“2** neurons mediate 
SDS-induced sleep 


Because only a subset of VIA’®™ neurons (20%) 
were excited by SDS (Fig. 11), we undertook 
cFOS-dependent activity tagging linked to 
expression of DREADD hM3Dq-mCherry to 
test whether this VTA subset could induce 
sleep (Fig. 2A). Mice experienced either SDS 
or a nonstressful procedure, voluntary wheel 
running or forced treadmill running, while 
the VTA"’®“ neurons were selectively activity- 
tagged with Cre-recombinase-dependent tagging 
vectors (AAV-cFOS-tTA and AAV-TRE-DIO- 
hM3Dq-mCherry; Fig. 2A and fig. S7, A, D, 
and G). Compared with pan-VTA"’®“ neurons 
expressing mCherry, only 15% of the VIA’®“ 
neurons were captured by activity tagging 
during SDS (Fig. 2B). We then reactivated 
these SDS-tagged VTA’®™ neurons with 
clozapine N-oxide (CNO). Chemogenetic reac- 
tivation decreased sleep latencies and increased 
sleep times (Fig. 2, C and D). Thus, reactivation 
of SDS-activated VIA’ neurons recapitulated 
sleep architectures induced by SDS (Fig. 2E). 
Of note, a few cells (2.6%) were tagged during 
the nonstressed procedures (Fig. 2B). However, 
chemogenetic reactivation of these particular 
tagged VTA’ cells did not elicit sleep (fig. S7, 
B and C). Moreover, only rare cells were tagged 
when mice experienced physical exercise (Fig. 
2B), and therefore chemogenetic reactivation 
did not induce sleep (fig. $7, D to I). 

To examine the necessity of VTA’®™ sub- 
sets for SDS-induced sleep, we chemogenetic- 
ally inhibited SDS-tagged VTA” neurons 
using cFOS-dependent expression of DREADD 
hM4Di-mCherry. AAV-cFOS-tTA and AAV- 
TRE-DIO-hM4Di-mCherry were injected into 
the VTA of Vgat-IRES-Cre mice (Fig. 2F). Mice 
were subjected to SDS (first stress episode) to 
allow VIA’ neurons to become tagged with 
hM4Di-mCherry, then given CNO to inhibit 
the tagged neurons, and mice were subse- 
quently challenged with a second bout of 
SDS (second stress episode), followed by 
measurement of their sleep profile (Fig. 2F). 
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SDS-induced sleep was diminished after chemo- 
genetically inhibiting tagged VTA’®” neurons 
(Fig. 2, G and H). 


Circuits linking stress and sleep 


We next investigated the circuitry linking SDS 
and VTA'’®“-induced sleep. We expressed 
GCaMP6 selectively in VTA’ cells and used 
fiber photometry to measure how the VIA’? 
terminals in different locations responded to 
stress. Only the terminals of the VTA’ cells 
projecting to the lateral hypothalamus (LH) 
had increased Ca”* signals after SDS (Fig. 3, A 
and B), whereas the VIA’®“ projections in the 
CeA, LHb, and hippocampal dentate granule 
(DG) cells showed no responses (fig. S8). To 
determine the function of the VTA”“—LH 
pathway activated by stress on sleep, we in- 
jected retro-AAV-TRE-DIO-Flpo into the LH, 
together with the injection of AAV-cFOS-tTA 
and AAV-{DIO-hM3Dq-mCherry into the VTA 
of Vgat-IRES-Cre mice (Fig. 3C). Following 
intersectional activity tagging during SDS and 
chemogenetic reactivation, the VTA—LH path- 
way promoted sleep (Fig. 3, D and E). The 
hM3Dq-mCherry labeling produced in the 
VTA?“ neurons of this experiment mainly 
traced out axons to the LH (fig. S9). 

We used optogenetics to confirm the above 
result. The behavioral experiments were re- 
peated by using cFOS-based activity tagging 
with ChR2 delivered into the VTA of Vgat- 
IRES-Cre mice (fig. S10A). VTA’ neurons 
became selectively ChR2-tagged during SDS 
(fig. SIOA). Mapping of VTA’? projections 
by injecting AAV-DIO-ChR2-EYFP into Vgat- 
IRES-Cre mice showed broad projections (fig. 
SIOB) (18). However, those SDS-tagged VTA’? 
cells detected with ChR2 activity mapping 
primarily innervated the LH (fig. S10C). When 
SDS-ChR2-tagged terminals in the LH of the 
VTA’2“_,LH pathway were reactivated by 
optogenetic stimulation, this elicited NREM 
sleep from waking (fig. S10, D and E). 


Stress-driven input-output organizations 


We investigated the identity and activity of 
VTA'®“ afferents relevant for stress using a 
rabies system, combined with activity map- 
ping. VIA” neurons were seeded with rabies 


labeled cells. Scale bar, 100 um. (J and K) Fiber photometry setup and GCaMP6 
expression in VTA“ neurons (J). Fiber photometry measuring calcium signals 
responding to SDS (n = 11 mice, 27 trials). Raw calcium signal traces, color 
matrix of signals for all trials, AF/F ratios across the experimental period and 
average AF/F ratios before and during the procedure (K). Scale bar, 100 um. 
(L) Fiber photometry measuring long-term calcium signals in VTAY8** neurons. 
Traces across the experimental procedure and average AF/F ratios before 

and after the procedures (n = 6 mice per group). (A to C) unpaired t test, 

*p < 0.05, ****p < 0.0001; (F and G) Two-way analysis of variance (ANOVA) 
with bonferroni post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001; (K and L) 
Paired t test, **p < 0.01, ***p < 0.001. 


coat protein and its receptor by injecting AAV- 
DIO-N2cG and AAV-DIO-TVA-nGFP, followed 
by injection of RABV-N2cAG-EnvAmCherry 
into the VTA (Fig. 3F). The animals were then 
given control experiences or SDS, respectively. 
Then we conducted brain-wide mapping of 
rabies-labeled presynaptic inputs and stress- 
activated cFOS expression (Fig. 3F). CFOS was 
induced by stress in many brain regions (fig. 
$4), and from the rabies tracing, VTA’®” in- 
puts originated in many locations (fig. S11) (26). 
However, only the lateral preoptic (LPO), para- 
ventricular hypothalamus (PVH), and _ peria- 
queductal grey (PAG) areas had overlap with 
cFOS-positive cells and rabies-labeled VTA?“ 
inputs (Fig. 3, G, H, and L, and figs. S12, A to C, 
and S13A). 

We determined the inputs of VTA’ neu- 
rons that project to the LH. AVV-DIO-N2cG 
and AAV-DIO-TVA-nGFP were seeded as before 
in VIA’®“ neurons, and RABV-N2cAG-EnvAm- 
Cherry was injected into the terminal fields of 
the VTA’? neurons in the LH. As before, the 
mice were given control experiences or SDS. 
Then we mapped cFOS expression (Fig. 31). We 
obtained an identical result as above: LH- 
projecting VTA”’2“ neurons received stress- 
activated inputs from the LPO, PVH, and PAG 
(Fig. 3, J to L, and figs. S12, D to F, and S13B). 

We further determined if these stress- 
activated inputs were specific to the stress- 
activated VTA’? subset. The SDS-activated 
VTA’ cells were specifically ablated with 
Casp3 by using activity tagging (AAV-cFOS- 
tTA and AAV-TRE-DIO-Casp3). Then we 
conducted rabies tracing and activity map- 
ping (fig. S14A). Ablation of SDS-activated 
VTA" cells largely reduced the stress-driven 
inputs (cFOS/rabies) (fig. S14, B and C, and 
Fig. 3L). 


VTA somatostatin neurons are necessary for 
SDS-induced sleep 


Given that GABAergic VTA cells are heteroge- 
neous (13, 27, 28), and only a subset of VTA’? 
cells responded to SDS (Fig. 2B), we looked 
for subtypes of VTA“ cells responsible for 
SDS-induced sleep. First, we examined by 
single-cell quantitative polymerase chain re- 
action the molecular identities of SDS-tagged 
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Fig. 2. Sufficiency and necessity of the stress-activated VTA'** neurons for 
SDS-induced sleep. (A) Activity-tagging protocol for testing the sufficiency of 
SDS-activated VTA“& cells for sleep. (B) Expression and quantification of pan or 


activity-tagged hM3Dq-mCherry transgene in VTAYE* neurons (n = 4 mice per group). 


Scale bar, 100 um. (C and D) Chemogenetic reactivation of tagged VTA’ 
neurons for sleep (n = 8 mice per group). Graphs show sleep latency, percentage 
and time of NREM (C) or REM (D) sleep. Unpaired t test, *p < 0.05, **p < 0.01. 
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(E) Matrix bubble summary shows fold change (Fc) of sleep parameters after SDS, 
nonstressed, voluntary wheel running, forced treadmill running or the chemogenetic 
reactivation of tagged VTAY2 neurons. (F) Activity-tagging protocol for testing the 
necessity of SDS-activated VTA'®* cells for sleep. (G and H) Percentage and time 
of NREM (G) or REM sleep (H) in mice given second SDS after chemogenetic 
inhibition of first SDS-tagged VTA"S* cells (n = 6 to 8 mice per group). Two-way 
ANOVA with bonferroni post hoc test. *p < 0.05, ***p < 0.001, n.s: not significant. 
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Fig. 3. Input-output circuitry linking stress and sleep. (A and B) Fiber 
photometry measuring terminal calcium signals of the VTAY@*“-LH pathway 
responding to SDS (A). Raw traces, color matrix of GCaMP6 signals of 
VTAY22"_,LH for all trials, AF/F ratios across the experimental period and 
average AF/F before and during SDS (n = 8 mice, 17 trials) (B). Paired t test, 
*p < 0.05. Scale bar, 100 um. (€) Activity-tagging protocol for reactivating 
the SDS-tagged LH-projecting VTA" cells. (D and E) Sleep latency, 
percentage and time of NREM (D) and REM (E) sleep after reactivation of 
SDS-tagged LH-projecting VTA"2" cells (n = 7 mice per group). Unpaired 

t test, *p < 0.05, **p < 0.01. (F) Rabies virus—based retrograde tracing for 
identification of stress-driven inputs to VTA“ neurons. (G) Immunostaining 


cells (fig. SI5A): A large proportion (42%) 
expressed vgat/somatostatin (sst), and others 
were characterized by vgat/parvalbumin (pv) 
(10%) or vgat expression alone (32%), the 
remaining cells being 2% vgat/uglut2, 2% 
ogat/vglut2/sst, and 2% vgat/vip (fig. S15B). 
We further characterized the SDS-activated 
cells using reporter mice (Fig. 4, A B and fig. 
S15C, D). Nearly 40% of the VTAS neurons 
expressed cFOS after SDS (Fig. 4A and fig. 
S15, E and F), whereas there was no induction 
of cFOS following SDS in VTA”” cells (Fig. 4B). 
We next determined the activity of individual 
subtypes responding to stress using fiber 
photometry (Fig. 4, C and D). Both the VTA*” 
and VTA’’ populations responded transiently 
to SDS, but the collective calcium signal for 
VTA®*™ cells was larger (Fig. 4, C and D), and 
only VTA**” neurons had persistent activation 
after SDS, with enhanced activity for a few 
hours (Fig. 4E). By contrast, the transient 
activity of VTA’’ neurons after SDS was not 
sustained (Fig. 4F). 

We next used activity tagging with hM3Dq 
to capture SDS-tagged VTA*” neurons (fig. $16, 
A and B). Because VIA* cells are heteroge- 
neous (28), we examined the molecular iden- 
tities of SDS-tagged cells (fig. SI6C). These 
tagged cells predominantly expressed vgat/ 
gad1 (90%) (fig. S16D). 

We tested whether VTA*™ cells could re- 
spond to two types of insomnia-inducing stress, 
restraint and cage change (7, 29). However, 
these procedures did not affect the acute or 
long-term calcium activity in VTAS” neurons 
(fig. $17, A to D). In addition, we did not ob- 
serve any VTA*” neurons becoming tagged by 
restraint stress or cage-change stress (fig. SI7E). 

Next, we measured spontaneous activities 
of VTA* neurons across brain states. From 
calcium photometry, VTA*™ neurons were pri- 
marily active during spontaneous NREM and 
REM sleep (Fig. 4, G and H), whereas VTA”’ 
neurons were wake-active (Fig. 4, I and J). 
Chemogenetic stimulation of VTA** neurons 
directly increased sleep (fig. S18). We further 
defined how VTA** neurons link stress and 
sleep. We recorded the spontaneous activity 
of stress-tagged VTA*” populations across 
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brain states (fig. S19A). The tagged cells were 
also primarily active during NREM and REM 
sleep (fig. SI9B). Chemogenetic reactivation 
of SDS-tagged VTA*™ cells was sufficient to 
promote NREM and REM sleep (fig. S19, C 
to E). 

To explore whether the VIA*—>LH pathway 
links stress and sleep, we conducted fiber 
photometry to measure terminal activity in 
the LH that responded to stress by expressing 
GCaMP6 in VTA* neurons (fig. S20A). The 
VTA***.LH projection responded to SDS 
(fig. S20B). Following intersectional activity 
tagging during SDS (fig. S20C), chemogenetic 
reactivation of the VTA*”—LH pathway pro- 
moted sleep (fig. S20, D and E). 

Finally, we examined directly whether VTA*” 
neurons are necessary for SDS-induced sleep. 
Genetic ablation specifically depleted VTAS™ 
neurons (fig. $21). Lesioning of VTA*” neu- 
rons decreased baseline sleep (Fig. 5, A to C). 
When VTA*-caspase mice were challenged 
with SDS, SDS-induced sleep was abolished 
(Fig. 5, B and C). This was also confirmed by 
chemogenetic manipulation; inhibition of VIA” 
neurons also decreased SDS-induced sleep (fig. 
$22). By contrast, ablation of VIA”? neurons de- 
creased baseline NREM sleep, but SDS-induced 
sleep could still be elicited (Fig. 5, D to F). 


SDS-induced sleep by VTAS* neurons reduces 
stress-induced anxiety 


Given the proposed restorative function of sleep 
after SDS (Fig. 1, D to G), we explored whether 
this function was linked to VIA’? neurons. 
Ablation of VTA** neurons or chemogenetic 
inhibition of SDS-tagged VTA’®“ neurons 
had no effect on baseline anxiety-like behav- 
iors (fig. S23). However, after SDS, mice lack- 
ing SDS-induced sleep (because of selective 
lesioning or inhibition of VTA*” neurons or 
inhibition of SDS-tagged VTA’®“ neurons 
(Figs. 2, F to H, and 5, A to C, and fig. $22) 
remained in an anxious state (Fig. 6, Ato C 
and fig. S24), similar to the effects of sleep 
deprivation after SDS (Fig. 1, E and F, and 
fig. S25). When VTA’®“S* neurons were un- 
impeded, while the mice had sufficient SDS- 
induced sleep, the SDS-induced anxiety-like 


images showing presynaptic inputs to VTAY8" neurons from LPO and cFOS- 
positive cells activated by SDS. Scale bar, 200 um and 50 um (inset). 
(H) Summary statistics of activated fractions (cFOS/rabies double-labeled 
cells/total rabies-positive cells) (n = 4 mice per group). For abbreviations, 
see fig. S4. Mann-Whitney test, *p < 0.05. (I) Protocol for identification of 
stress-driven inputs to VTAY8*' neurons that output to LH. (J) Immunostain- 
ing shows presynaptic inputs to LH-projecting VTA’ neurons from LPO, 
and cFOS-positive cells activated by stress. Scale bar, 200 um and 50 um 
(inset). (K) Summary statistics of activated fractions to LH-projecting VTA“? 
neurons (n = 4 mice per group). Mann-Whitney test, *p < 0.05. (L) Schematic 
diagram summarizing the stress-driven input-output relations. 


behaviors were reduced to baseline (Fig. 6, 
B and C, and fig. S24). We found that sleep 
deprivation after SDS suppressed activity in 
VTA** neurons induced by SDS (fig. $26). 
However, during the sleep deprivation proce- 
dure after SDS while mice were awake, VTAS™ 
cell stimulation did not reduce anxiety even if 
VTA** neurons were activated (fig. S27), sug- 
gesting that the anxiolytic effects require SDS- 
induced sleep. 


Activation of VTAS* neurons suppresses 
corticotrophin-releasing factor levels induced 
by SDS 


How do VTA** neurons regulate CORT pro- 
duction? VTA*" neurons expressing hM3Dq- 
mCherry sent numerous mCherry-positive 
axons into the paraventricular nucleus (PVN) 
area (fig. S28, A and B), a major site of 
corticotrophin-releasing factor (CRF) produc- 
tion. After SDS, cells in the PVH are excited, as 
inferred from their strong expression of cFOS; 
but stimulation of VTAS neurons inhibited 
SDS-activated cells in the PVN (fig. S28C). 

We next used a genetically encoded CRF 
sensor (AAV-hSyn-GRABcrrz0) (30) to deter- 
mine the dynamics of CRF release around the 
PVN (fig. S28D and Fig. 6D). CRF sensor 
signals were indistinguishable between con- 
trol and chemogenetic activation of VTA°” 
neurons (fig. S28E), consistent with CORT 
concentrations also not changing with VTAS 
stimulation (fig. S28F). But after SDS, there 
were large increases in CRF (fig. S28G). How- 
ever, chemogenetic activation of VTA neurons 
prevented this increase (Fig. 6E), consistent 
with correspondingly decreased CORT con- 
centrations (Fig. 6F). By contrast, chemo- 
genetic inhibition of VTA*” neurons further 
increased SDS-induced CRF concentrations 
(Fig. 6G), thereby increasing CORT levels 
after SDS (Fig. 6H). 


SDS-induced sleep by VTAS* neurons reduces 
CORT concentrations 

For mice unable to have SDS-induced sleep, 
either because their VTA*” neurons had been 
ablated or were inhibited (Fig. 61 and fig. S29A), 
CORT concentrations remained higher during 
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Fig. 4. Activity of VTAS‘‘"" neurons responding to stress and across brain 
states. (A and B) cFOS expression and quantification in genetically labeled 
VTAS* (A) or VTA" (B) neurons after control experience or SDS (n = 8 mice per 
group). Scale bar, 100 um. (€ and D) Fiber photometry measuring calcium 
signals in VTAS* (n = 10 mice per group, 45 trials) (C) or VTA" (n = 6 mice per 
group, 15 trials) (D) neurons responding to SDS. Raw calcium signal traces, color 
matrix of signals for all trials, AF/F ratios across the experimental period and 
average AF/F ratios before and during SDS. Paired t test, ***p < 0.001, 
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***%n < 0.0001. Scale bar, 200 um. (E and F) Fiber photometry measuring 
long-term calcium signals in VTAS* (E) or VTA” (F) neurons. Raw traces and 
average AF/F ratios before and after the procedures (n = 6 mice per group). 
Paired t test, **p < 0.01. (G to J) Fiber photometry with electroencephalography 
and electromyography measuring spontaneous activity across brain states. AF/F 
ratios in VTAS* (G) or VTA’ (I) neurons during wakefulness, NREM and REM 
sleep, and at transitions of vigilance states (n = 6 mice per group) (H and J). One- 
way repeated ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 


7 of 10 


RESEARCH | RESEARCH ARTICLE 


A Lesioning of VTAS* neurons D 
AAV-DIO-GFP GFP AAV-DIO-GFP 
ofand ree \ or/and 
BAEDIO Cespe TEV \@@ d AAV-DIO-Casp3-TEV 


Lesioning of VTA’ neurons 


GFP_ 
= oO \ 
a) 


1 
\ & 
if Ss ps 
4% 


x > ee ; 
Sst- IRES-Cre % ee -_ \ : 74 
\/ \/ 
B NREM sleep E NREM sleep 
400 , -& GFP + Control -e- GFP + SDS 6 400 , -& GFP + Control -e- GFP + SDS 6 . 
-o-Casp + Control-o- Casp + SDS -o-Casp + Control-o- Casp + SDS + 
= saat i 3 
<. ~ 4 © ~ 4 ‘ 
g = e ns & = fo) 
<= 50 o < 50 ® 
8 E 8 E 
5 F 2 (2) 3 FF 2 
ao 25 a 25 8 
ty) ) x e Oo} ° S 
0 2 4 6 KS Se & a 0 2 4 6 Ko Se <9 ae 
Time after stress (h) aes a * re) °" Time after stress (h) — 8 ‘i eo" 3" 
=) 1D 
S&F sh KF Re & 
iS ics 
C REM sleep _ F REM sleep 
15 0.8 “—~) 15 08 
e = 
® 10 = 2 10 = ° 
g a 0.4 : " e 3 0.4 8 e [s} 
i oO 3 3 
8 E e ns 8 he ° 
@ ° g e 5 
o} : 0 id 0} ) 
0 2 4 6 SS Oo 0 2 4 6 SS CS 
Time after stress (h) a es Time after stress (h) ge” g* 
Ze @ 2 gc oO 2 
©) Ks ie) oo 


Fig. 5. VTAS*' neurons are necessary for SDS-induced sleep. (A and D) Genetic ablation of VTASS* (A) or VTA’” (D) neurons. (B, C, E, F) Percentage and time 
of NREM or REM sleep in VTAS® (B and C) or VTA™ (E and F) ablated mice or control mice given control or SDS. Two-way ANOVA with bonferroni post hoc test. 
*p < 0.05, **p < 0.01, ***p < 0.001, **** p< 0.0001; n.s., not significant. 


their home cage sleep after SDS (Fig. 6J and fig. 
S29B), similar to the effects of sleep deprivation 
after SDS (Fig. 1G). However, when VIA’? 
neurons were unimpeded, the SDS-induced 
sleep correlated with CORT concentrations 
returning to baseline (Fig. 6J and fig. S29B). 
In addition, activation of VTA*™ cells during 
sleep deprivation after SDS, (i.e., activation 
of these cells while mice were awake) par- 
tially reduced CORT concentrations (fig. S29, 
C and D), but the overall CORT levels still 
remained elevated (fig. S29D), suggesting 
that sleep after SDS is also needed to reduce 
CORT concentrations. 


Discussion 


Our proposed circuit model for how SDS 
translates to sleep and reduction of anxiety, 
with VIA" cells playing a central role, is 
shown in Fig. 6K. Once activated by SDS, 
VTA"E4*Sst cells drive sleep through the LH, 
a brain region containing a diverse popula- 
tion of cells implicated in regulating stress, 
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anxiety, and sleep-wake behaviors (31, 32). 
VTA'2"S* cell activity is maintained for some 
hours beyond the stress episode, suggesting 
a form of plasticity that enables them to keep 
promoting NREM and REM sleep episodes 
for a sustained period. In parallel to their 
sleep-inducing and anxiety-reducing effects, 
VTA'SSs* cells inhibit CRF-producing neu- 
rons in the PVN hypothalamus, thereby re- 
ducing CORT concentrations after SDS. We 
found that SDS-induced anxiety persisted even 
in the presence of CORT inhibitors. These 
results suggest that physiological activation 
of VTA*” neurons during and after SDS re- 
presses CRF and therefore CORT production, 
guarding against overproduction of CORT. 
Persistently increased CORT concentrations 
have deleterious effects on body organs (1). 
We propose that the reduced anxiety comes 
from the sleep component. After SDS, the 
restorative sleep by VTA’®“** cells also aids 
CORT concentrations returning to baseline, 


so there seem to be parallel routes to reduc- 


ing CORT levels, but with VTA* cells coor- 
dinating both mechanisms. 

The output pathways regulated by VIA’®“S* 
cells in the LH to induce sleep and reduce 
anxiety are unclear. VIA°* neurons inhibit 
orexin/Hcrt neurons in the LH (20). How- 
ever, chemogenetic inhibition of LH" cells 
did not reduce anxiety after SDS (fig. S30), 
and orexin receptor antagonists did not restore 
the anxiolytic effects that were missing in 
VTA**-lesioned mice that had undergone 
SDS (fig. $31), suggesting that orexin/Hcrt cell 
inhibition is not required for the anxiolytic 
actions of VTA’ cells. Thus, identifying 
the targets of VIA’?“*S* cells requires further 
study. Local action within the VTA of the 
VTA** neurons is also possible. 

We have shown here that GABA*” neurons 
in the VTA respond to SDS, an ethological 
model for psychosocial stress, by inducing 
restorative sleep and decreasing CRF production. 
Targeting these neurons could potentially pro- 
vide a new route for treating anxiety disorders. 
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Fig. 6. Activity and SDS-induced sleep by VTAS* neurons reduces anxiety 
and corticosterone concentrations. (A to C) Plan of the experimental 
procedure (A), tracing of locomotion for representative animals (B), time spent 
in the open arms of the elevated plus maze and in the center zone during 

the open-field test (n = 9 mice per group) (C). (D) Delivering genetically encoded 
CRF sensor in the PVN hypothalamus alongside chemogenetic manipulation 

of VTA®*' neurons. (E and G) Raw PVN CRF sensor traces and AF/F ratios during 
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0.0001. (E to H) Unpaired t test, *p < 0.05, **p < 0.01, ***p < 0.001. 
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Ancient DNA reveals five streams of migration into 
Micronesia and matrilocality in early 
Pacific seafarers 


Yue-Chen Liu?*, Rosalind Hunter-Anderson**, Olivia Cheronet*, Joanne Eakin®, Frank Camacho®, 
Michael Pietrusewsky’, Nadin Rohland*®, Alexander loannidis®”°, J. Stephen Athens", 
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Kathryn Robson7°, Douglas J. Kennett”!, Nick Patterson”*, Carlos D. Bustamante’°7+, 

Andrés Moreno-Estrada’’, Matthew Spriggs”**, Miguel Vilar2°, Mark Lipson*?, 

Ron Pinhasi*?*, David Reich?543« 


Micronesia began to be peopled earlier than other parts of Remote Oceania, but the origins of its 
inhabitants remain unclear. We generated genome-wide data from 164 ancient and 112 modern 
individuals. Analysis reveals five migratory streams into Micronesia. Three are East Asian related, one 
is Polynesian, and a fifth is a Papuan source related to mainland New Guineans that is different from 
the New Britain-related Papuan source for southwest Pacific populations but is similarly derived from 
male migrants ~2500 to 2000 years ago. People of the Mariana Archipelago may derive all of their 
precolonial ancestry from East Asian sources, making them the only Remote Oceanians without Papuan 
ancestry. Female-inherited mitochondrial DNA was highly differentiated across early Remote Oceanian 
communities but homogeneous within, implying matrilocal practices whereby women almost never 


raised their children in communities different from the ones in which they grew up. 


odern humans arrived in Near Oce- 

ania at least 47,000 years before pres- 

ent (BP) and spread through Australia, 

New Guinea, the Bismarck Archipelago, 

and the Solomon Islands (J, 2). After 

3500 to 3300 BP, humans expanded into pre- 
viously unoccupied Remote Oceania (Fig. 1A). 
In the southwest Pacific, the earliest archae- 
ological sites are associated with artifacts of 
the Lapita complex, appearing in the Bismarck 
Archipelago as early as ~3350 BP and reaching 
the unoccupied islands of Remote Oceania by 
3000 to 2850 BP (3, 4). Ancient DNA from 
11 individuals from Vanuatu and Tonga 3000 
to 2500 BP indicates that these pioneers 
were related distantly to Neolithic southeast- 
ern Chinese (5), more closely related to Neo- 
lithic and Iron Age people of Taiwan (6), and 
most closely related to the ancestors of 


present-day north-central Philippine groups 
such as Kankanaey Igorot (7-10). However, the 
primary ancestry of many southwest Pacific 
Islanders today is “Papuan” (our term to de- 
scribe the primary ancestry of peoples of New 
Guinea, the Bismarck Archipelago, and the 
Solomon Islands), which genetic data has 
shown is due to a secondary expansion that 
began ~2500 BP (7-10). 

The first people to reach the Mariana Archi- 
pelago arrived around 3500 to 3200 BP (1I-/4). 
Their material culture (15) differed markedly 
from the Lapita assemblages in the southwest 
Pacific, with Marianas Redware ceramics being 
more similar to those found at sites in the 
Philippines and at the northern tip of Sulawesi 
(16). This study uses a revised chronology for 
the archaeology of the Mariana Islands that 
terms the earliest three periods of occupa- 


tion from 3500 to 1600 BP “Unai” (table S1). 
The burials that we analyze date to 2800 to 
2200 BP (Middle to Late Unai) and thus may 
not reflect the ancestry profile of Early Unai 
inhabitants. After 1100 BP, distinctive mega- 
liths (latte) began to appear in the Mariana 
Islands, along with other material cultural 
changes marking the “Latte” period. The 
oldest evidence of human occupation in Palau 
in Western Micronesia dates to ~3000 BP 
(17). The oldest evidence in Central Micro- 
nesia is ~2000 BP; ceramics at these sites are 
similar to late Lapita pottery and shell artifacts 
and thus could reflect roots in earlier Lapita 
cultures in either northern New Guinea or 
in the southwest Pacific (18, 19). 

Linguistic relationships among Malayo- 
Polynesian (MP) languages that comprise all 
Austronesian languages outside of Taiwan 
provide an independent source of information 
about the cultural and geographic origins of 
Micronesian peoples (fig. S1). The CHamoru 
(20) language spoken by the indigenous peo- 
ple of the Mariana Islands is a first-order 
branch within MP; Palauan is another. All 
other Micronesian languages and languages 
of the southwest Pacific and Polynesia com- 
prise a third major branch, Central-Eastern 
Malayo-Polynesian (CEMP) (21-23). Most Mi- 
cronesian CEMP languages form a Nuclear 
Micronesian subgroup, which has been hy- 
pothesized to have developed somewhere be- 
tween the Admiralty Islands and Vanuatu 
and to have spread near the end of the Lapita 
period ~2500 BP (24). By contrast, Yap’s lan- 
guage is believed to be an early offshoot of 
Proto-Oceanic derived directly from proto- 
languages that branched during the Lapita 
expansion, although Yapese was also subse- 
quently affected by borrowings from other 
languages (25). The people of Kapingamarangi 
and Nukuoro atolls in the Caroline Islands 
speak Polynesian languages, suggesting re- 
placement of the original languages by Poly- 
nesian immigration (26, 27). 

To test alternative models of population his- 
tory, we generated genome-wide ancient DNA 
data for 164 individuals from five archaeological 
sites and coanalyzed them with published 
data from two ~2200 BP individuals from 
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Five Streams of Migration 
M1 (before 2800BP): Lineage FRO, 
M2 (before 2400BP): Lineage FRO, 
M3 (before 2100BP): Lineage FRO. 
M4 (before 1800BP): Lineage Papuan, 
M5 (after 1000BP): Polynesian immigration 


= = = = New Guinea - FRO 
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= = = = New Britain - FRO 
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Fig. 1. Map and PCA. (A) Map showing five inferred streams of migration into Micronesia. (B) PCA results. Axes are computed with Dai, Nasioi, and Papuans; others 


are projected. 


Guam (28). A total of 109 individuals (2800 to 
300 BP) were from the Unai and Latte periods 
in Guam, 46 (600 to 200 BP) from the Latte 
period in Saipan, and 11 (500 to 300 BP) from 
Na Island and the nearby Nan Madol site in 
Pohnpei’s protected lagoon in Central Micro- 
nesia (20). 
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We prepared samples in clean rooms, ex- 
tracted DNA, built sequencing libraries, en- 
riched for a common panel of ~1.2 million 
single-nucleotide polymorphisms (SNPs), and 
sequenced them (20). For individuals with evi- 
dence of high contamination, we restricted 
analysis to sequences with evidence of charac- 


teristic ancient DNA damage (20). The analyzed 
individuals had a median of 558,971 SNPs with 
data (table S2). We also genotyped 112 present- 
day Micronesians mainly from Guam, Palau, 
Chuuk, and Pohnpei (tables S3 and S4). We 
obtained 31 direct radiocarbon dates, 30 of 
which were on the same samples we analyzed 
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Fig. 2. Clustering analysis. Unsupervised ADMIXTURE (K = 9 clusters). New data are in boldface. 


for DNA (tables S5 and S6). We coanalyzed 
our newly produced data with published data 
from 95 prehistoric individuals and 1642 
present-day individuals from globally diverse 
populations (table S7). 
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Overview of population structure 

We carried out principal components analysis 
(PCA) (Fig. 1B and figs. S2 and S3) by com- 
puting axes using shotgun data of present- 
day Dai (southern China), Nasioi (Solomon 


Islands), and New Guineans (from the Eastern 
Highlands and Middle Sepik areas) and then 
projecting other individuals. The first princi- 
pal component (PC) corresponds to the pro- 
portion of East Asian-associated ancestry, 
henceforth “First Remote Oceanian (FRO)” 
(PCI; lower on left, higher on right); the sec- 
ond PC differentiates Papuan ancestry from 
the Solomon Islands to New Guinea (PC2; up 
to down). The Unai, Latte, and Lapita indi- 
viduals cluster with present-day people from 
the Philippines (Kankanaey) and Taiwan (Ami 
and Atayal) on the right, corresponding to high 
East Asian-associated ancestry. Two clines are 
visible. The first (dashed blue) links groups 
with high proportions of FRO ancestry to New 
Britain, Vanuatu, and Polynesia; the second 
(dashed gray) links to groups from New Guinea, 
the Admiralty Islands, Palau, and a genetically 
homogeneous group of Central Micronesians 
(Chuuk, Pohnpei, and prehistoric Pohnpei). 
This suggests admixture in variable proportions 
between FRO and Papuan ancestry from at least 
two different sources—more related to New 
Britain in the first case and New Guinea in 
the second. f3-statistics reveal patterns qual- 
itatively similar to those shown in the PCA 
(fig. S4 and table S8). 

We also computed the symmetry statistic f;, 
(X, Kankanaey Igorot; New Guinea Highlanders, 
Dai) to test which individuals had significant 
Papuan admixture (using Kankanaey as a 
baseline with no evidence of Papuan ancestry) 
(table S9). Unai and Latte individuals had little 
or no Papuan ancestry; except for four Latte 
individuals, we observed non-significant Z-tests 
based on the normally distributed score being 
|Z| < 3 standard errors from zero. Lapita indi- 
viduals from Vanuatu and Tonga had a small, 
but nonzero, proportion of Papuan ancestry 
(0.4: to 4.4% and 3.3 to 7.7%, respectively) (7-0). 
Papuan admixture was present in all prehis- 
toric and present-day individuals from Pohnpei 
(~27%) and all present-day people from Chuuk 
(~27%) and Palau (~38%). In modern CHamoru, 
the inferred Papuan ancestry is consistent with 
zero, making CHamoru the only genetically 
analyzed indigenous Remote Oceanian group 
without evidence of such ancestry. 

Unsupervised clustering using ADMIXTURE 
recapitulates the patterns in the PCA and dif- 
ferentiates the FRO components of First Re- 
mote Oceanians (we show K = 9 clusters in 
Fig. 2; see also figs. S5 to $8). Two clusters cor- 
respond to East Asian-associated ancestry, with 
a light gray component maximized in Lapita 
individuals and a dark gray component maxi- 
mized in Mariana individuals. Pohnpei and 
Chuuk in Central Micronesia primarily have a 
light gray Lapita-associated component. Mod- 
ern CHamoru of Guam is the population with 
the highest proportion of dark gray, suggest- 
ing local continuity. Palau and Central Micro- 
nesia only have the green Papuan-associated 
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component maximized in New Guinea, without 
the orange-blue-green mixture characteristic 
of New Britain, the southwest Pacific, and Poly- 
nesia, suggesting previously undocumented 
Papuan spreads into Micronesia. 


Evidence for at least five streams of migration 
into Micronesia 


To determine the minimum number of migra- 
tion streams into Micronesia needed to ex- 
plain the data, we computed a statistic f,(X, 
New Guinea Highlanders; Kankanaey Igorot, 
Australian) proportional to FRO ancestry and 
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f4(X, New Guinea Highlanders; Kankanaey lIgorot, Australian) 


correlated it to statistics sensitive to different 
types of East Asian and Papuan-associated 
ancestry (9). We identified at least five distinct 
migratory streams, as follows. 

(M1 to M3) Three streams of FRO migration 
into Micronesia including a previously unknown 
lineage. We plotted a statistic measuring 
affinity to the two previously identified (7, 28) 
lineages F ROsouthwestPacific and FRO arianas 
specifically, f,(X, New Guinea Highlanders; 
Lapita, Unai) against our statistic measuring 
overall FRO ancestry proportion. All popula- 
tions from the southwest Pacific and Polynesia 


fall on a line with a positive slope, implying 
closer affinity to Lapita than to Unai con- 
sistent with the Lapita-associated lineage being 
the source of their East Asian-associated an- 
cestry (all residuals |Z| < 2 after regression; 
Fig. 3B and fig. S9B). Individuals from Central 
Micronesia (Pohnpei and Chuuk, and some 
other present-day Micronesians) also closely 
track the line (all residuals |Z| < 2), suggest- 
ing FRO ancestry from the Lapita expansion. 
By contrast, present-day individuals from Palau 
and the Mariana Islands yield negative f,- 
statistics (all residuals |Z| > 4), implying FRO 
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Fig. 4. Quantification A 


of admixture events. 
(A) Proportions of 
Papuan ancestry in 
FRO and Latte groups. 
Thick and thin error 
bars show one 
standard error and 
95% confidence inter- 
val, respectively. 

(B) Ancestry 
proportions from 
qpAdm. Each group is 
epresented by a 
horizontal bar and 
partitioned into colored 
segments, representing 
different sources of 
their ancestry. Error 
bars show one standard 
error. (©) Admixture 
graphs. Arrow pairs 
(head to head) denote 
admixture events. The 
heights of the colored 
bars give mixture 
proportions. (D) Date 
of admixture. Ranges 
show one standard 
error in each direction. 
(E) Difference between 
FRO ancestry esti- 
mates on the 
autosomes and the 

X chromosome. 
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sources less closely related to the Lapita indi- 
viduals (tables S12 and S13). We confirmed 
with f,-symmetry statistics that all the pre- 
historic Remote Oceanian groups with nearly 
entirely East Asian-associated ancestry (Lapita, 
Unai, and Latte) descended from a common 
ancestral FRO population (table S22), which 
split earlier from the ancestors of indigenous 
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Central Micronesia 


and Iron Age Taiwanese and even earlier from 
those of Kankanaey Igorot. A surprise is that 
despite the fact that the Latte and Unai indi- 
viduals share more alleles with each other 
than either group does with Lapita, there is 
not a simple tree relating these three groups, 
with the statistic f,(Latte, Unai; Lapita, di- 
verse East Asians) yielding many significant 


Western Micronesia 


negative Z values (maximum |Z] > 4; table 
$26). This suggests that the Latte individuals 
harbor admixture from a basal FRO lineage, 
which split from the lineages ancestral to Unai 
and Lapita before they separated from each 
other, a scenario that fits the data in explicit 
admixture graph modeling (Fig. 4C and figs. 
$12 to S15). We call this third lineage FROpaiau 
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because the proportion of this lineage is max- 
imized in modern Palauans (where we esti- 
mate that it contributes 62% ancestry versus 
15% in Latte individuals) (fig. S13A). 

(M4) A previously unknown stream of Papuan 
migration into Micronesia. We computed 
f(X, Dai; Nasioi, New Guinea Highlanders), 
where the latter two populations are differ- 
entiated Papuan groups, and plotted it against 
our statistic measuring FRO proportion. Mod- 
ern and prehistoric groups from the southwest 
Pacific and Polynesia fall on a line that also 
includes New Britain (all residuals |Z] < 2; Fig. 
3A and fig. S9A), consistent with ancestry 
from a New Britain-associated source we call 
Papuanyewsritain (8-10). By contrast, all prehis- 
toric and present-day individuals from Micro- 
nesia with evidence of Papuan ancestry fall 
below the line (all residuals |Z| > 4), mirroring 
the two-cline pattern in the PCA (tables S10 
and S11). When we fit a separate line for Micro- 
nesians, New Guinea, and the Admiralty Islands, 
we observe no outliers with |Z] < 2, consistent 
with a previously unknown spread of Papuan 
ancestry from a lineage Papuanyewcuinea More 
closely related to New Guinea and the Admi- 
ralty Islands on its northern fringe. 

(M5) Polynesian gene flow into Micronesia. 
We computed /,(X, Tolai; Kankanaey Igorot, 
diverse Polynesians) (tables S14 to S20), and 
plotted it against our /,-statistic proportional to 
FRO ancestry (figs. S10 and S11), a procedure 
that provides a sensitive test of Polynesian- 
specific admixture. Late prehistoric individ- 
uals from Pohnpei closely track the baseline, 
providing no evidence of Polynesian admix- 
ture. One present-day Micronesian (Jk2812) 
deviates from the line (maximum |Z] = 3.3) 
(table S21). We do not have a record of the 
island from which this individual came, so 
characterization of the Polynesian impact on 
Micronesia will require further sampling. 


A working model for Micronesian population history 


We started with a model previously used to 
study southwest Pacific lineages (8, 9) and 
then added lineages and admixture events, 
testing alternative models for fit (Fig. 4C and 
figs. S12 to S15). With so many populations, 
the space of possible admixture graph top- 
ologies is vast, and the topology we show is 
unlikely to be a the only fit to the fstatistics. 
Nevertheless, identifying an admixture graph 
model is useful to demonstrate that all the 
features described in our analysis of individual 
fstatistics can jointly fit the data. We con- 
firmed key inferences about admixture pro- 
portions and closest phylogenetic relatives of 
analyzed groups using gpWave and qpAdm 
(tables S22 to S25), which does not require 
making specific assumptions about deep phy- 
logenetic relationships and allows us to test 
whether there are any groups that harbor 
genetic drift that is not present in the popu- 
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lations used as proxies for their ancestry (20). 
Finally, we used admixture linkage disequilib- 
rium to estimate the ages of some detected 
admixture events with the software DATES 
(Fig. 4D and table S27). 

(i) The Mariana Islands: Distinctive FRO 
ancestry without Papuan admixture. The Unai 
individuals from Guam whose radiocarbon 
dates range from 2800 to 2200 BP derive from 
the FROmarianas lineage (M1) and have homo- 
geneous ancestry. Later Latte individuals from 
Guam and Saipan after 700 BP derive ~85% of 
their ancestry from the same source (fig. S13A), 
with substantial continuity also confirmed 
by their harboring the same mitochondrial 
haplogroups E1 and E2 that are seen in the 
Unai period. The Latte individuals also de- 
rived ~15% ancestry from a previously uniden- 
tified FROpaiau lineage (M2), which we estimate 
mixed with FROmarianas 45 to 50 generations 
before the Latte individuals lived (2400 to 
1700 BP, assuming 28 years per generation). 
The admixture date shows that this migration 
and mixture process cannot be invoked to ex- 
plain the origin of the Latte archaeological 
phenomenon in the Mariana Islands, which 
began much later at ~1100 BP. 

The modern CHamoru from Guam are 
admixed with European (~19%) and Native 
American (~9%) ancestry (Fig. 4B), plausibly 
associated with Spanish colonial activities 
from the mid-16th century onward (29). Their 
remaining ancestry is entirely FRO. Although 
our analyses of modern CHamoru did not 
allow us to unambiguously determine their 
FRO source, they show a greater genetic affin- 
ity to FROyarianas than to FROsouthwestPacific 
(Fig. 3B), and their mitochondrial haplo- 
groups El and E2 are also found in the Unai 
and Latte individuals, suggesting that they 
derived much of their East Asian-associated 
ancestry from earlier groups in Guam. 

Gi) Palau: Mixture of FROpajay and 
PapuanyewGuinea ancestry. Present-day Palauans 
are inferred to have ~62% FROpajay ancestry 
(M2) from the same lineage that admixed in a 
smaller proportion into the Latte individuals 
(fig. S13A) and ~38% Papuannewcuinea ancestry 
(M4). We estimate the date of FROpajau- 
Papuanyewcuinea admixture to be ~2500 to 
2200 BP, suggesting the possibility of Papuan 
migration into this region by this time. 

(ii) Central Micronesia: Mixture of 
FROgouthwestPacific and PapuaNyewGuinea- We 
infer genetic homogeneity in central Micro- 
nesia over space and time, with Pohnpei and 
Chuuk having similar proportions of ~73% 
FROgouthwestPaciic (M3) and ~27% Papualyewcuinea 
ancestry (M4) and forming a clade with 
the 11 individuals from prehistoric Pohnpei 
(Fig. 4B). FROsouthwestPacific iS a better single- 
source proxy for the primary First Remote 
Oceanian ancestry in Central Micronesia than 
FROwarianas; but an entirely FROgouthwestPacific 


source fails in goAdm when Unai and Latte 
are included as outgroups, suggesting that both 
FROgouthwestPacific 29d FROMarianas Contributed. 
These findings also illuminate the origins of 
Nuclear Micronesian languages. Central Mi- 
cronesians lack the Papuan ancestry that is 
predominant in the Solomon Islands, provid- 
ing evidence against one of the three main 
candidate geographic regions (24). They also 
lack the Papuanyewpritain Signature that was 
ubiquitous in Vanuatu by the time of the 
peopling of Central Micronesia, providing evi- 
dence against another candidate region. Instead, 
gqpAdm shows that the people of Manus are a 
better proximate source for the Papuianyewcuinea 
ancestry than those of mainland New Guinea 
(table S24), increasing the likelihood of the 
third candidate—the Admiralty Islands—as the 
source for these languages and for the stream 
of migration that brought them. This should 
not be interpreted as implying that people 
specifically from Manus Island were the true 
source, but rather that the source was prob- 
ably a genetically similar population from 
the Admiralty Islands or a coastal region along 
the northern fringe of mainland New Guinea. 

We infer dates of FRO gouthwestPacific” 
Papuanyewcuinea Mixture in Chuuk and Pohnpei 
of 2100 to 1800 BP, showing that these line- 
ages came into contact at least by the time of 
the peopling of Central Micronesia around 
2000 BP and raising the possibility that the 
M3 and M4 lineage expansions into Central 
Micronesia came as part of an already mixed 
stream of people speaking early Nuclear Mi- 
cronesian. An alternative, however, would ac- 
commodate a different perspective on the 
origins of Nuclear Micronesian languages, allow- 
ing M3 to have come from a FROgouthwestPacific 
group that spoke a Southeast Solomonic lan- 
guage (30), to be joined later by an M4 Papuan- 
Admiralties group that did not displace 
already established Nuclear Micronesian lan- 
guages. Such a scenario of language continuity 
despite population replacement would par- 
allel the situation posited for Vanuatu (8, 9). 
We do not yet have data from Yap but, given 
that Yapese is an earlier branching Proto- 
Oceanic language, we hypothesize that the 
indigenous Yap islanders might derive from 
a different mixture of source populations than 
other Central Micronesians. 


Matrilocality in early Pacific islanders 


We observed a notable degree of mitochondrial 
DNA differentiation between the FROpparianas 
and the FROsgouthwestPacific lineages. All of 
the Unai individuals with mitochondrial 
haplogroup determinations and without evi- 
dence of high contamination carried haplo- 
groups El and E2 (table S2), whereas all of 
the Lapita individuals had haplogroup B4 
(7-10). All three haplogroups were found 
in Iron Age Taiwanese (5, 6), consistent with 
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the finding that the Iron Age Taiwanese were 
relatively undrifted descendants of a popula- 
tion that was also ancestral to the Unai and 
Lapita individuals. Such a high level of mito- 
chondrial differentiation is surprising given 
the intermediate degree of autosomal differ- 
entiation as measured by Fg, a standard 
statistic measuring population genetic dif- 
ferentiation, which is 0.083 between the Unai 
and Lapita groups. This raises the possibility 
of greater genetic drift on the maternal than 
paternal line during the early divergence and 
radiation of FRO lineages. 

We carried out simulations to determine the 
probability that completely different mito- 
chondrial macrohaplogroups spread over the 
two populations since they diverged, under 
the null assumption that males and females 
had the same demographic behavior and given 
the observed genetic drift on the autosomes 
(fig. $16). This null hypothesis is rejected (P = 
0.0014, Fisher’s exact test) (37). The P values 
are not sensitive to assumptions about the split 
time of the FROMarianas and the F ROsouthwestPacific 
lineages (table S28). These patterns are qua- 
litatively opposite to those in Neolithic and 
Bronze Age Europe, where patrilocal patterns 
of greater female than male mobility among 
households have been inferred by analyzing 
ancient DNA data (32, 33). Matrilocality in 
early Remote Oceanians has been hypothesized 
based on genetic and ethnographic studies of 
present-day communities, many of which have 
matrilocal practices in which women tend to 
raise their children in the same households in 
which they grew up (34, 35). Our results pro- 
vide direct evidence for the practice of matri- 
locality among FRO populations. 

These findings concerning matrilocality 
among the ancestors of Lapita and Unai in- 
dividuals with little if any Papuan ancestry are 
not related to previous evidence of sex-biased 
admixture between Papuan and FRO ancestry 
in some Pacific populations (7). However, a 
new finding of this study does concern sex- 
biased mixture. Specifically, we find that the 
Papuan ancestry in Palau and Central Micro- 
nesia was primarily derived from male ances- 
tors, based on significantly more Papuan 
ancestry on the autosomes than on the X chro- 
mosome (|Z|> 2.2 to 3.3) (Fig. 4E and table 
$29) (7). This is notable because each of the 
three cases of FRO-Papuan admixture that are 
now documented (Palau, Central Micronesia, 
and southwest Pacific and Polynesia) involved 
a different pair of Papuan and FRO groups. 
These events must have been independent, and 
yet all share the feature of Papuan ancestry 
being transmitted primarily by male ancestors. 


Family structure and population size during 
the Latte period 


We measured runs of homozygosity (ROH) 
that were longer than 4 centimorgans (cM) 
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for 113 Latte individuals with high-enough- 
quality data to allow such analyses (table 
$30). Only two had single stretches of ROH 
longer than 50 cM, indicating that close-kin 
unions were avoided in Latte people. Nine 
individuals from Guam and nine from Saipan 
had at least one ROH longer than 20 cM, sug- 
gesting that mating pairs of close relatives 
such as second or third cousins on both islands 
were relatively common. Shorter ROH signals 
(>4 cM) were also abundant, implying a lim- 
ited pool of reproductive partners in every 
generation. We estimated the size of the 
population from which the Latte individuals 
in Guam and Saipan were drawing their re- 
productive partners to be 315 to 356 individuals 
in Guam and 361 to 424 individuals in Saipan 
(table S32). 

We further analyzed long shared DNA seg- 
ments [identical by descent (IBD) blocks] be- 
tween the X chromosomes of male individuals 
(one from Guam and the other from Saipan). 
We identified 149 pairs of individuals who 
shared IBD segments longer than 8 cM (table 
$31). This puts an upper bound on N,, the size 
of the mating population in the combined 
Mariana Islands, of 1203 to 1712 (95% confi- 
dence interval) (table S32). If there were re- 
stricted migration between islands, or if there 
were temporal variation in the dates of the 
individuals we compared, these numbers would 
be overestimates. This implies a long-term small 
population size or strong founder event in 
Latte history. 

We identified 122 pairs of closely related 
Latte individuals (up to third-degree relatives) 
(fig. S17 and table S33). Eighty of 125 Latte 
individuals that were studied had one or sev- 
eral close relatives. 


Discussion 


A notable finding of this study is that the 
phenomenon of primarily male Papuan mi- 
grants mixing with previously resident FRO 
populations ~2500 to 2000 BP occurred at 
least three times, because the pairs of mix- 
ing sources were different in three regions 
(Fig. 4D). One of these migration and mix- 
ture processes occurred at an average date 
of ~2500 to 2200 BP, with Papuanyewcuinea- 
FROpaian Mixture forming modern Palauans. 
A second occurred ~2300 to 1600 BP, with 
PapulanyewGuineamF ROsouthwestPacific Mixture form- 
ing ancient and modern Central Microne- 
sians. A third occurred ~2300 to 1500 BP, 
with Papuanyewsritain- FRO gouthwestPacific mix- 
ture forming the ancestry of ancient and 
modern people of the southwest Pacific and 
Polynesia (7). All three mixtures were sex asym- 
metric, with most of the Papuan ancestry de- 
riving from males (Fig. 4C). Even in the 
Mariana Islands, where there is no evidence 
of Papuan mixture, the inferred FROpajau- 
FROwaarianas Mixture date in Latte individuals 


is ~2400 to 1700 BP, providing a fourth exam- 
ple of migration and mixture in Remote Oceania 
occurring on average ~2500 to 2000 BP, well 
after the initial peopling events that involved 
entirely FRO groups. 

A high-resolution ancient DNA time tran- 
sect in Vanuatu has revealed the dynamics of 
this process in the southwest Pacific, where 
an initial FROgouthwestPacific Migration stream 
likely from New Britain changed into a pri- 
marily male Papuanyewpritain Stream in the late 
Lapita period, likely deriving from the same 
source region and following previously estab- 
lished communication routes (36). Our results 
raise the possibility of similar processes in at 
least two other regions. The oldest pottery 
discovered in Pohnpei at ~2000 BP, which 
resembles that of late Lapita (19), provides 
an archaeological correlate for a spread of 
mixed FROgouthwestPacific7PADUANNewCuinea ANCES- 
try into this region. Parallel processes could 
have drawn Papuanyewguinea ancestry into 
Palau and FROpajau ancestry into the Mariana 
Islands. 

Our identification of the FROpajay lineage 
raises the possibility that the three FRO line- 
ages correspond to the first-order three lan- 
guage splits in Malayo-Polynesia: FROwarianas 
leading to the CHamoru language and asso- 
ciated with the Unai burials dated to ~2800 BP; 
FROgouthwestPacific leading to CEMP languages 
and associated with the Lapita archaeological 
complex and burials dating to ~3000 BP in 
Vanuatu; and FROpaja, bringing ancestral Pa- 
lauan and plausibly the first ancestry type in 
Palau because mitochondrial DNA of 3000 
to 1800 BP remains from Chelechol ra Orrak 
suggests East Asian ancestry (37). 

The ordering of the FRO lineage splits is 
also important. The fact that the FROpajau 
lineage split first cannot be explained by the 
theory that there was a single First Remote 
Oceanian spread into the Mariana Islands 
(28, 38), which then gave rise to the other 
lineages, because in this case, FROMarianas 
would have branched first. The theory of a 
Mariana population being ancestral to all 
FRO lineages is further challenged by the mito- 
chondrial DNA evidence. If this theory were 
correct, the most parsimonious expectation is 
for the haplotypes observed in the Unai indi- 
viduals from Guam at 2800 to 2200 BP (El and 
E2) also to be observed in the Lapita individ- 
uals at 3000 to 2500 BP. However, only mito- 
chondrial haplotype B4alal (the “Polynesian 
motif”) is observed. Therefore, our results point 
to a scenario in which three First Remote 
Oceanian lineages branched from a trunk of 
MP speakers in Island Southeast Asia, with at 
least three independent streams of migrations 
into Remote Oceania. 

Since colonial times, Pacific peoples have 
been divided into “Melanesians,” “Polyne- 
sians,” and “Micronesians,” driven by theories 
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of shared origins (39). However, our results 
show that people in Micronesia have a diver- 
sity of ancestral origins even within the same 
geographic region, implying that the term 
“Micronesian” should be used as a geographic 
label without implying a specific biological 
profile. 
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Microglia-mediated degradation of perineuronal nets 


promotes pain 


Shannon Tansley"’, Ning Gu’, Alba Urefia Guzman’, Weihua Cai’, Calvin Wong’, Kevin C. Lister’, 
Einer Mufioz-Pino*, Noosha Yousefpour’, R. Brian Roome’, Jordyn Heal’, Neil Wu?, Annie Castonguay*, 
Graham Lean®, Elizabeth M. Muir’, Artur Kania>*, Masha Prager-Khoutorsky®, Ji Zhang?"°™, 

Christos G. Gkogkas”, James W. Fawcett'>"*, Luda Diatchenko!°, Alfredo Ribeiro-da-Silva*®*4, 
Yves De Koninck**™, Jeffrey S. Mogil*24"*, Arkady Khoutorsky'20“* 


Activation of microglia in the spinal cord dorsal horn after peripheral nerve injury contributes to the 
development of pain hypersensitivity. How activated microglia selectively enhance the activity of 
spinal nociceptive circuits is not well understood. We discovered that after peripheral nerve injury, 
microglia degrade extracellular matrix structures, perineuronal nets (PNNs), in lamina | of the 
spinal cord dorsal horn. Lamina | PNNs selectively enwrap spinoparabrachial projection neurons, 
which integrate nociceptive information in the spinal cord and convey it to supraspinal brain regions 
to induce pain sensation. Degradation of PNNs by microglia enhances the activity of projection 
neurons and induces pain-related behaviors. Thus, nerve injury—induced degradation of PNNs is a 
mechanism by which microglia selectively augment the output of spinal nociceptive circuits and 


cause pain hypersensitivity. 


eripheral nerve injury leads to long-lasting 

pain hypersensitivity. Damaged primary 

afferents release chemokines, signal- 

ing molecules, and proteases to activate 

spinal cord microglia, which in turn en- 
hance the excitability of spinal nociceptive 
circuits (J, 2). Microglia release an array of 
bioactive substances that bind to cell surface 
receptors to increase neuronal activity through 
modulation of intracellular processes (J, 2). 
How these substances specifically sensitize 
pain-processing circuits without affecting other 
modalities is not well understood. Studies of 
mechanisms by which microglia affect neuro- 
nal functions in the spinal cord have focused 
on intracellular mechanisms of action rather 
than modulation of the extracellular matrix. 
The extracellular matrix in the central ner- 
vous system (CNS) not only provides structural 
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support but is also involved in the regulation 
of neuronal excitability and synaptic plastic- 
ity (3, 4). Its role in the regulation of spinal 
pain circuits, however, remains ill defined. 
Perineuronal nets (PNNs) are the most prom- 
inent extracellular matrix structures in the 
CNS and are composed of a proteoglycan 
core protein decorated by chondroitin sul- 
fate sugar chains (3). In the neocortex, PNNs 
preferentially enwrap neuronal soma and prox- 
imal dendrites of fast-spiking parvalbumin- 
positive inhibitory interneurons (5), modulating 
their potential for neuroplasticity by regulat- 
ing synaptic inputs (6) and intrinsic excitability 
(7). We investigated whether PNNs are found 
around and affect the activity of spinal cord 
neurons involved in the processing of noci- 
ceptive information. 


PNNs in lamina | surround projection neurons 


PNNs can be identified by staining with Wisteria 
floribunda agglutinin (WFA), which selectively 
binds the glycosaminoglycan (GAG) sugar 
side chains of PNN glycoproteins. Addition- 
ally, PNNs can be visualized by labeling their 
core protein component, aggrecan (3, 8, 9). 
Immunostaining of spinal cord sections for 
aggrecan showed that PNNs surround neu- 
rons with large-diameter soma in lamina I of 
the dorsal horn that exhibit a medio-lateral 
orientation (Fig. 1A). High-resolution confocal 
Airyscan imaging revealed presynaptic in- 
hibitory terminals located within PNN holes 
(Fig. 1, B and C). Retrograde tracing with Fluoro- 
Gold (FG) injected into the lateral parabrachial 
(LPb) nucleus showed that PNNs in lamina I 
are present selectively around spinoparabra- 
chial projection neurons (JO, 17) and not 
found around other cell types (Fig. 1, D and 
E). Lamina I PNN-positive (PNN*) projection 


neurons have significantly larger soma than 
those of PNN -negative (PNN ) projection 
neurons, or other neuronal cell types (volu- 
metric values are provided in Fig. 1F, and soma 
diameters are provided in fig. S1A), and are 
NKI1R* and Phox2a’ (fig. S1, B to E). PNNs are 
absent in lamina II and are sparsely found 
throughout lamina III of the dorsal horn (Fig. 
1A). In laminae IV and V, PNNs are found 
around both inhibitory (Pax2") and excitatory 
(Pax2” and NeuN”) neurons (Fig. 1A). Expo- 
sure of mouse hind paw to mechanical (25-g 
binder clip for 30 s) (Fig. 1, G and I) or thermal 
(55°C water bath for 30 s) (Fig. 1, H and I) 
noxious stimuli induced Fos expression in 
PNN* lamina I projection neurons (thermal 
stimuli, in 70.6 + 1.7% of neurons; mechanical 
stimuli, in 49.3 + 5.2% of neurons), suggesting 
that these neurons are involved in the process- 
ing of pain-related information. 


Modification of PNNs after peripheral nerve injury 


To study whether PNNs in the spinal cord are 
modified after peripheral nerve injury, we sub- 
jected mice to the spared nerve injury (SNI) 
assay of neuropathic pain, which features pain 
behaviors at maximal levels by 2 to 3 days after 
injury (72, 73). The intensity of WFA staining, 
which labels GAGs on PNNs (Fig. 1J), around 
lamina I projection neurons was significantly 
reduced 3 days after SNI (decrease of '76.3%) 
(Fig. 1, K and L), whereas aggrecan staining 
was not affected. WFA staining around lamina 
I projection neurons remained low at 7 and 
14 days after nerve injury (Fig. 1L). PNNs in 
deeper laminae did not show a decrease in 
WEA staining (fig. S1, F and G). 


PNN degradation is mediated by microglia 


Three days after SNI, numerous microglia con- 
tained WFA immunoreactivity within their ly- 
sosomes, identified by means of labeling with 
antibody to CD68 (Fig. 2A). Microglia show- 
ing CD68 and WFA colocalization were present 
at day 3 after SNI (67.1% of all microglia 
in the dorsal horn) (Fig. 2, A and B; sex- 
disaggregated analysis is available in fig. S1, 
H, I, and J) but not at later time points (days 7 
and 14). To study the causal role of microglia 
in the degradation of PNNs after nerve injury, 
we depleted microglia using Cre-inducible mice 
expressing diphtheria toxin receptor (DTR) (74) 
selectively in microglia (DTR:TMEM1190 8 ™) 
(the treatment regimen with tamoxifen to in- 
duce Cre expression and diphtheria toxin to 
ablate microglia is provided in Fig. 2C, and the 
effect on microglia is provided in Fig. 2D) (15). 
Peripheral nerve injury in microglia-depleted 
mice did not evoke mechanical hypersensitivity 
(Fig. 2E: sex-disaggregated analysis is avail- 
able in fig. SIK) and did not induce degradation 
of PNNs because no significant reduction in 
WEA signal around lamina I projection neurons 
was observed at day 3 after SNI (Fig. 2, F and G). 
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around large-diameter neurons in lamina | (white arrow). Scale bar, 100 um. 
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with FG into the LPb nucleus. (E) Immunostaining against aggrecan shows that 
amina | projection neurons are retrogradely labeled by FG. (F) Lamina 
projection neurons surrounded by PNNs (Agg*) have larger soma volume than 
those of PNN-negative projection neurons or other cell types [FG* Agg* versus 
FG* Age”, q(15) = 13.8, P < 0.0001; FG* Agg* versus FG” Age’, q(15) = 18.5, P< 
0.0001; n = 6 mice per group, one-way analysis of variance (ANOVA) followed by 
Tukey's post-hoc comparison]. (G and H) Images of Fos expression after (G) 
mechanical and (H) thermal stimuli. Scale bar, 100 um. (I) Quantification of 
the percentage of lamina | PNN* projection neurons showing Fos immuno- 
eactivity 60 min after the evoking mechanical and thermal stimuli. Each data 


A 


Fig. 2. Microglia mediate the degradation of PNNs around lamina | 
projection neurons. (A) (Left) Microglia (lbal), lysosomes (CD68), and GAG 

| in the dorsal horn spinal cord. (Right) 
Reconstruction with Imaris software. (B) Quantification of the number of 
microglia per section with and without CD68 and WFA in the dorsal horn 
condition). (C) Protocol for administration of tamoxifen and diphtheria 
toxin (DT) in iDTR:;TMEM119C*R"? mice. (D) Images showing Ibal* microglia in 


(WFA) at day 3, day 7, and day 14 after S 


mice pe 


saline-treated (DTR’, control) and tamoxifen-treated ( 
iIDTR-TMEM119°*®®"? mice (both groups received DT). 


shows the number of microglia in both groups (n = 6 mice per group, one-way 


ANOVA followed by Tukey's post-hoc comparison). (E 


To further corroborate the role of microglia in 
the modification of PNNs, we used mice lack- 
ing CX3C chemokine receptor 1 (CX3CRI1) (16), 
which is involved in microglia activation and 
stimulation of their phagocytic activity (17-19). 
After peripheral nerve injury, Cx3crI/~ mice 
showed microgliosis comparable with that of 
control animals (fig. $2, A and B) but exhibited 
a significantly reduced number of microglial 
lysosomes (identified with CD68 immunostain- 
ing) (fig. S2, C and D), indicating reduced phago- 
cytic activity. Cx3erI-~ mice also did not develop 
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sistent with previous reports (20). Nerve injury 
in Cv3crI/~ animals did not trigger PNN deg- 
radation around lamina I projection neurons 
(fig. S2, F and G), similarly to that in microglia- 
depleted mice, and significantly reduced WFA 
accumulation was detected in microglia at day 3 
after SNI (fig. S2, C, H, and I. 


Disruption of PNNs around projection neurons 
promotes pain-related behavior 


To study whether the removal of PNNs around 
projection neurons can induce pain, we deleted 


pain hypersensitivity (fig. S2E), which is con- 
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mice does not lead to the development of mechanical hypersensitivity as 
assessed with von Frey filaments [withdrawal threshold: 
DTR*, t(66) = 4.241, P = 0.001; day 7, DIR” versus DTR 
P = 0.0002; n = 12 mice per group, two-way ANOVA followed by Sidak’s post-hoc 
comparison]. Images (F) and quantification (G) showing elimination of 

GAGs from PNNs in control mice but not in microglia-depleted mice on day 3 
after SNI [WFA, DTR’, lpsi versus Contra, q(20) = 8.3, 
Ipsi versus Contra, q(20) = 1,22, P = 0.82; n = 6 mice 
ANOVA followed by Tukey's post-hoc comparison]. Scale bar, 10 um. All data 
are presented as mean + SEM. **P < 0.01, ***P < 0.001, ****P < 0.0001; 


day 3, DIR’ versus 
* t(66) = 4.7, 


P < 0.0001; DTR’, 
per condition, one-way 


Acan™" mice (8) with adeno-associated virus- 


retro (rAAV2)-Cre into the LPb nucleus (Fig. 
3A). rAAV2-Cre allows retrograde labeling 
and expression of Cre recombinase in neurons 
projecting to the LPb (27, 22), including lamina 
I spinoparabrachial projection neurons (char- 
acterization of rAAV2-Cre is available in fig. 
S3). We validated the disruption of PNNs 
around lamina I projection neurons in rAAV2- 
Cre-injected Acan"/! mice (Fig. 3, B and C). 
The elimination of PNNs around spinopar- 
abrachial projection neurons caused thermal 
hypersensitivity; latencies to paw-licking and 


3 of 7 


RESEARCH | RESEARCH ARTICLE 


A B C E 
Hot plate Grimace scale 
rAAV2-Cre Gi Aggrecan HWFA 
2 40 = 20 KKK 
projection : = 
~ neuron 2 30 E 15 
= 2 
xz 
fe) 
NeuN 259 210 
: w 2 
Acan gene & > 
Aggrecan g 10 a 
loxP loxP s 2 
behavior y CE lt 0 
rAAV2-Cre imaging WT+ ~~ Acanfl/fl + [“1WT + rAAV2-Cre © Female 
* iM rAAV2-Cre rAAV2-Cre Hl Acanfl/fl + pAAV2-Cre oMale 
Time (week) 


<= 


AAV9-DIO-chABC 
rAAV2-Cre 


4 


[o) 


30 


2 


oO 


=i 
oO 


2 
oO 
oe) 
oO 
2 
= 
no 
° 
a 
oO 
= 
E 
& 
= 
°o 
+ 


oO 


Fig. 3. Selective disruption of PNNs around lamina | projection neurons 
causes pain. (A) Schematic illustration showing the injection of rAAV2-Cre into the 
LPb nucleus of Acan"" mice. (B) Lamina | spinoparabrachial projection neurons, 
identified by staining against Cre. (C) Quantification of aggrecan* and WFA* cells in 
mina | of the lumbar spinal cord [aggrecan, wild type (WT) + rAAV2-Cre versus 
Acan™" + rAAV2-Cre, (12) = 7.3, P = 0.0012; WFA, WT + rAAV2-Cre versus Acan™" + 
AAV2-Cre, q(12) = 5.5, P = 0.01; n = 4 mice per condition, one-way ANOVA followed 
by Tukey's post-hoc comparison]. (D and E) Control and aggrecan-ablated mice 
were subjected to (D) hot plate and (E) Mouse Grimace Scale testing. Mice 

with ablation of aggrecan in lamina | spinoparabrachial projection neurons exhibit 
educed time to licking and jumping in the hot plate test [(D) WT + rAAV2-Cre 

(n = 12 mice) versus Acan™" + rAAV2-Cre (n = 12 mice), P < 0.0001; unpaired t test] 
and increased facial expressions of pain [(E) WT + rAAV2-Cre (n = 13 mice) 
versus Acan" + rAAV2-Cre (n = 11 mice), P = 0.03; unpaired Student's t test]. 
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jumping in the hot plate test were signif- 
icantly shortened in Acan*/" mice injected 
with rAAV2-Cre as compared with control 
animals (Fig. 3D). Removal of PNNs also 
elicited spontaneous pain as assessed with 
the Mouse Grimace Scale (Fig. 3E). Because 
peripheral nerve injury decreases GAGs on 
PNNs without affecting aggrecan (Fig. 1, Land 
M), and a limitation of the previous approach 
that all neurons projecting to the LPb nucleus 
are targeted, we next mimicked the effect of 
nerve injury on PNNs by selectively removing 
GAGs around lumbar spinal cord projection 


expressing chondroitinase ABC (chABC) (23). 
ChABC specifically digests GAGs on PNNs and 
has been extensively used to study the role of 
PNNs in the nervous system (6, 24, 25). Expres- 
sion of chABC in projection neurons in lumbar 
spinal cord was achieved by co-injecting two 
viral vectors: rAAV2-Cre into the LPb nucleus, 
and AAV-expressing chABC in a Cre-dependent 
manner (AAV9-DIO-chABC) into the lumbar 
spinal cord (Fig. 3F). This approach resulted 
in the removal of GAGs from lamina I PNNs 
without affecting aggrecan (Fig. 3, G and H). 
It did not change PNNs in deeper laminae 


neurons by using adeno-associated virus (AAV)- 
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(fig. S4A) or cause microglia activation (fig. 


S4B). Removal of GAGs from lumbar spinal 
cord projection neurons induced thermal 
hypersensitivity in the hot plate test (Fig. 31) 
and evoked spontaneous pain in the Mouse 
Grimace Scale (Fig. 3J). 


Removal of GAG disinhibits lamina | 
projection neurons 


Previous studies in the cortex and hippocam- 
pus have revealed that PNNs regulate synaptic 
transmission (25) and affect intrinsic neuronal 
excitability (7). Our finding of PNN degrada- 
tion promoting pain behavior (Fig. 3) prompted 
us to investigate whether removal of PNN GAGs 
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the patched cells, Alexa fluor 488 hydrazide was added to the patch electrode, mIPSC amplitude is not [(J) P = 0.69, n = 8 cells from eight mice per group, 
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paired Student's t test]. (K to M) mIPSC recorded from lamina | PNN* neurons in 
sham (control), SNI (3 to 5 days after surgery), SNI+depleted microglia 
(tamoxifen-treated iDTR;TMEM119°°°ER™? mice+DT), and SNI+depleted 
microglia+chABC (chABC applied onto ex vivo spinal cord) mice (n = 8 cells from 
eight mice per group, one-way ANOVA followed by Tukey's post-hoc comparison 
for the three first columns, paired Student's t test for the last two columns). 


increases the activity of lamina I projection 
neurons in the dorsal horn of the spinal cord. 
First, we assessed the number of excitatory 
and inhibitory synaptic inputs onto PNN* 
projection neurons by quantifying inhibitory 
[vesicular y-aminobutyric acid transporter- 
positive (VGAT*)] and excitatory [vesicular- 
glutamate transporter 2-positive (VGLUT2*)] 
presynaptic puncta (Fig. 4A). Significantly 
more VGAT" than VGLUT2* puncta (60% more) 
were present on the soma of PNN* projection 
neurons (Fig. 4B). Elimination of GAGs from 
PNNs by injecting AAV-chABC into the lum- 
bar spinal cord did not change the number of 
excitatory and inhibitory presynaptic termi- 
nals on PNN* projection neurons (fig. $5, A 
and B). The number of excitatory and inhibi- 
tory presynaptic terminals also remained un- 
changed 3 days after SNI (fig. S5, C and D). 
To study the impact of GAG removal on 
neuronal activity of lamina I projection neu- 
rons, we measured synaptic inputs into these 
neurons and their intrinsic excitability using 
whole-cell patch-clamp recording in an ex vivo 
spinal cord preparation (Fig. 4C) (26). Large- 
diameter (>20 um) lamina I neurons with 
mediolateral orientation, which are surrounded 
by PNNs (fig. S1A), were identified in intact 
spinal cord for patch clamp recording by using 
oblique infrared illumination with a light- 
emitting diode (LED) (27). To confirm the 
presence of PNNs around these neurons, we 
filled the patched cells with Alexa fluor 488 
hydrazide, followed by fixation and aggrecan 
immunostaining (Fig. 4C). Degradation of 
GAG with chABC resulted in a depolarization 
of membrane potential (4.8 + 1 mV) (Fig. 4, D 
and E) and an increase in action potential 
firing rate (Fig. 4, D and F). This effect was 
specific to neurons with PNNs because chABC 
did not change membrane potential and firing 
rate in PNN’ neurons (fig. S5E). Analysis of 
spontaneous miniature synaptic activity re- 
vealed that chABC decreased the frequency 
of miniature inhibitory postsynaptic currents 
(mIPSCs) (48% decrease) (Fig. 4, G, H, and I) 
but not their amplitude (Fig. 4, G and J). No 
effects on the frequency or amplitude of mini- 
ature excitatory postsynaptic currents (mEPSCs) 
were detected (fig. S6, A to C). Moreover, deg- 
radation of PNNs had no effect on passive 
membrane properties and intrinsic excitabil- 
ity of projection neurons in the presence of 
synaptic receptor antagonist cocktail (AP-5, 
DNQX, bicuculline, and strychnine) to sup- 
press both excitatory and inhibitory synaptic 
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activities (fig. S6, D to M). To confirm that 
disruption of PNNs after nerve injury is ac- 
companied by a decrease in inhibitory inputs, 
we recorded from lamina I PNN* projection 
neurons on day 3 after SNI and found a signif- 
icant reduction in the frequency of mIPSCs 
(Fig. 4, K to M). This reduction was prevented 
in mice with depletion of microglia ((DTR; 
TMEM119*=®”) but could be reinstated through 
removal of PNNs with chABC. Consistent with 
these results, nerve injury-induced spontaneous 
pain was alleviated by depletion of microglia 
(by using the CSFIR inhibitor PLX5622) but was 
reinstated through removal of PNNs around 
lamina I projection neurons (Fig. 4.N). 


Discussion 


We have uncovered a mechanism by which 
activated microglia selectively augment the 
output of spinal nociceptive circuits and thus 
evoke pain. A subpopulation of lamina I spino- 
parabrachial projection neurons are preferen- 
tially surrounded by PNNs, which are degraded 
after peripheral nerve injury in a microglia- 
dependent manner (fig. $7). Degradation of 
PNNs is sufficient to enhance projection neu- 
ron activity, through reduction of inhibitory 
synaptic inputs, and to promote pain behaviors. 

Whereas in the cortex and hippocampus, 
PNNs are largely found around parvalbumin 
interneurons (28), in the dorsal horn of the 
spinal cord, PNNs are found in lamina I ex- 
clusively around large-diameter projection neu- 
rons and surround various neuronal types in 
deeper laminae. The selective localization of 
PNNs around projection neurons, but not other 
cell types in the superficial dorsal horn, allows 
for regulation of projection neuron activity, by 
means of modulation of PNNs, with a high de- 
gree of specificity. Because projection neurons 
are the main output of spinal pain circuits, 
activation of projection neurons through deg- 
radation of PNNs around them is a specific 
and efficient mechanism to augment the out- 
put of spinal nociceptive circuits. 

Synaptic terminals are embedded in PNNs, 
and thus the composition and stability of PNNs 
have a profound impact on synaptic activity 
(5, 25). Removal of GAGs that bear negatively 
charged sulfate groups on PNNs might result in 
destabilization of synaptic structures and re- 
duce the efficiency of synaptic transmission. 
Future studies will be required to obtain a 
better mechanistic understanding of the effect 
of PNN degradation on inhibitory synapses 
around projection neurons. 


(N) Mouse Grimace Scale testing on control, SNI (SNl+vehicle), SNI+depleted 
microglia (SNI+PLX5622+rAAV2-Cre+AAV9-DIO-tdTomato), and SNl+depleted 
microgliat+chABC (SNI+PLX5622+rAAV2-Cre+AAV9-DIO-chABC, n = 12 animals per 
group, one-way ANOVA) (a detailed timeline is available in the supplementary 
materials, materials and methods). All data are presented as mean + SEM. *P < 
0.05; **P < 0.01, ***P < 0.001; ns, not significant. Scale bar, 10 um. 


Microglia play crucial roles in the promotion 
of pain states through several known mecha- 
nisms (J, 2). Reduction of inhibitory tone— 
through microglia-mediated down-regulation 
of the K*-Cl cotransporter (KCC2), resulting in 
increased intracellular chloride and attenuated 
inhibitory inputs—promotes neuropathic pain 
(29). Down-regulation of KCC2 and chloride 
dysregulation occur in several cell types in 
lamina I and II at day 7 after nerve injury 
(30, 31). Microglia-mediated degradation of 
PNNs selectively augments the activity of a 
subset of lamina I projection neurons and is 
observed at 3 days after injury. The existence 
of several microglia-dependent processes to 
promote pain that might act in parallel with 
different cellular specificity and temporal pro- 
files reflects the complexity and robustness of 
mechanisms underlying neuropathic pain and 
suggests that efficient treatments should tar- 
get several processes to reverse hypersensitivity. 

Sex differences in the involvement of mi- 
croglia in mediating chronic pain have been 
demonstrated (32, 33), although microgliosis 
occurs equally in both sexes after nerve injury 
(32, 33), and not all pain models (34) and ele- 
ments of the spinal signaling pathway (30) are 
sexually dimorphic. We found that microglia- 
dependent degradation of PNNs and its effect 
on synaptic activity and pain-related behavior 
is present in both males and females. 

Neuronal activity promotes the formation and 
maintenance of PNNs around parvalbumin- 
positive neurons (35). It remains to be determined 
how enhanced activity of spinal circuits after 
peripheral nerve injury affects the dynamics 
of PNNs around lamina I projection neurons, 
including their recovery from degradation 
and long-term maintenance. 

Our work uncovers a mechanism by which 
microglia disinhibit projection neurons after 
peripheral nerve injury. These findings might 
lead to the development of therapeutic strat- 
egies to reverse neuropathic pain by targeting 
this newly discovered mechanism. 
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REVIEW SUMMARY 


GUT PHYSIOLOGY 


The microbiome and gut homeostasis 


Jee-Yon Lee, Renée M. Tsolis, Andreas J. Baumler* 


BACKGROUND: Changes in the composition 
of gut-associated microbial communities 
(gut microbiota) are linked to a wide spectrum 
of human diseases, such as cancer, obesity, and 
even neurological disorders. Understanding 
the factors that shape the gut microbiota is 
therefore a primary objective of microbiome 
research. One factor governing the compo- 
sition of the gut microbiota is diet. Weaning 
marks an abrupt shift in diet, which is asso- 
ciated with phylum-level changes in the fecal 
microbiota composition. But the fecal micro- 
biota of healthy adults and that of breastfed 
infants before weaning are both homeostatic 
communities. Thus, diet-induced changes in 
the composition of the gut microbiota are not 
always associated with disease. Furthermore, 
large variation in the species composition 
of the gut microbiota between individuals 
makes it impossible to define homeostasis or 
dysbiosis by the presence or absence of spe- 
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cific microorganisms. Limited information on 
the ecological causes of dysbiosis and the 
causative effects of dysbiosis on disease makes 
it difficult to translate research into medical 
interventions. 


ADVANCES: In this Review, we explore whether 
homeostasis and dysbiosis can be better de- 
fined by looking at a second factor that governs 
gut microbiota composition and function: the 
host environment. Bacterial growth requires 
energy in the form of adenosine triphosphate 
(ATP). Microbes that can maximize energy 
production in a specific environment will ac- 
celerate their growth and dominate microbial 
communities. Because respiration yields more 
energy than fermentation, bacteria that respire 
will dominate a microbial community when 
respiratory electron acceptors, such as oxygen, 
are present in the environment. The host uses 
these principles of bacterial community com- 
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Dysbiosis is linked to weakened host control over microbial growth. The composition of the gut 
microbiota is governed by diet and by host control over microbial growth, which includes high mitochondrial 
oxygen consumption in the colonic epithelium to maintain anaerobiosis. The transition between nursing (left) 
and adult-type diet (middle) shifts the microbiota composition, but both states represent homeostasis. 
Dysbiosis ensues only when host control of microbial growth is weakened because dietary factors, antibiotics, 
or underlying host conditions reduce oxygen consumption in the colonic epithelium, which drives dysbiosis 


by increasing the diffusion of oxygen into the intestinal 
dioxide [created using BioRender.com]. 
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lumen (right). FAs, fatty acids; O2, oxygen; COs, carbon 


position to shape its gut microbiota. Our body 
maintains a high luminal oxygen concentration 
in the small intestine to drive the microbial 
community composition to be dominated by 
bacteria that use respiration for energy pro- 
duction. By contrast, through maintaining the 
epithelium in a state of physiological hypoxia, 
the host limits access to oxygen in the lumen 
of the large intestine, which drives a dominance 
of bacteria that use fermentation for energy 
production. Recent insights into the ecolog- 
ical drivers of dysbiosis suggest that a disrup- 
tion of homeostasis is generally associated with 
a weakening of host control mechanisms that 
regulate the microbiota. Host control mecha- 
nisms that limit the availability of oxygen for 
bacteria in the colon become weakened in 
mouse models of colorectal cancer, ulcerative 
colitis, antibiotic treatment, or enteric infec- 
tion. The resulting increase in the availability 
of oxygen increases the abundance of bacteria 
that respire oxygen in the colonic microbiota. 
Similarly, negative health effects of a Western- 
style high-energy, low-fiber diet are associated 
with a weakening of host factors that control 
the microbial environment in the gut. These 
mechanistic insights suggest that dysbiosis 
is associated with a state of weakened host 
control over the microbial environment. Con- 
versely, gut homeostasis represents a state 
where host functions that control microbial 
growth are normal (i.e., characteristic of a 
healthy or normally functioning individual). 


OUTLOOK: The idea that dysbiosis is charac- 
terized by an underlying impairment of host 
functions that regulate the gut microbiota 
and microbial metabolism suggests that 
measurements of these host functions could 
provide a more quantitative insight into the 
state of microbiome homeostasis than cur- 
rent microbe-centric approaches. For exam- 
ple, measurements of oxygen concentrations 
along the longitudinal axis of the intestine 
could be used to determine a normal range 
that is characteristic of a healthy or normally 
functioning individual. Measurements within 
the normal range might indicate homeostasis, 
whereas values outside this range would in- 
dicate dysbiosis. Furthermore, targeting the 
host functions that regulate the gut micro- 
biota with therapeutic approaches could fuel 
the conception of new strategies to remediate 
dysbiosis with drugs that restore host control 
over the microbiota. 
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GUT PHYSIOLOGY 


The microbiome and gut homeostasis 


Jee-Yon Lee, Renée M. Tsolis, Andreas J. Baumler* 


Changes in the composition of the gut microbiota are associated with many human diseases. So far, 
however, we have failed to define homeostasis or dysbiosis by the presence or absence of specific 
microbial species. The composition and function of the adult gut microbiota is governed by diet and host 
factors that regulate and direct microbial growth. The host delivers oxygen and nitrate to the lumen 
of the small intestine, which selects for bacteria that use respiration for energy production. In the colon, 
by contrast, the host limits the availability of oxygen and nitrate, which results in a bacterial community 
that specializes in fermentation for growth. Although diet influences microbiota composition, a poor 
diet weakens host control mechanisms that regulate the microbiota. Hence, quantifying host parameters 


that control microbial growth could help define homeostasis or dysbiosis and could offer alternative 


strategies to remediate dysbiosis. 


ost-associated microbial communities, 

the microbiota, play a central role in hu- 

man health (7). Many human illnesses 

are linked to an imbalance in microbial 

communities, termed dysbiosis, which 
is commonly defined as a decrease in microbial 
diversity, the presence of potentially harmful 
microbes, or the absence of beneficial ones (2). 
Understanding factors that influence micro- 
biota composition and function is therefore a 
fundamental goal of microbiome research (3). 
To approach this problem, most investigators 
probe the microbiota to ask what is there (e.g., 
using microbiota profiling), what could they 
do (e.g., using metagenomics), or what are they 
doing (e.g., using metatranscriptomics, proteo- 
mics, or metabolomics) (4). However, microbial 
communities show high diversity between in- 
dividuals (5), which makes it challenging to 
define what constitutes a balanced microbial 
community in a healthy state by simply cat- 
aloging bacterial taxa (6-9). As a result, ho- 
meostasis cannot be explained by the presence 
or absence of specific microbial species, which 
also challenges the validity of defining dysbio- 
sis using this approach (7). This gulf in under- 
standing and the complexity of microbial 
communities make it impossible to translate 
analysis of the microbiota into a unit of mea- 
surement that could be used to quantify ho- 
meostasis or dysbiosis (10). 

In this Review, we examine whether the con- 
cept that the host controls the environment to 
ensure a microbiota composition that sustains 
health (11-17) could provide a way of moving 
past the current impasse on how to quantify 
homeostasis. According to this view, host func- 
tions controlling environmental parameters 
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that are important for microbial growth on 
body surfaces could be viewed as part of an 
immune system subdivision that is tasked 
with maintaining microbiome homeostasis 
(15, 18, 19). We discuss whether such host func- 
tions could be measured to quantify homeosta- 
sis and dysbiosis. Our analysis is focused on 
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the intestinal microbiota because imbalance 
in this microbial community is linked to many 
human maladies in the gut and systemically (Z). 
However, to establish the ecological ground 
rules, we will start out by reviewing some 
fundamental mechanisms that shape micro- 
bial communities in other environments. 


Redox reactions select successful metabolic 
strategies in microbial communities 


Bacterial growth requires energy in the form 
of adenosine triphosphate (ATP) to power bio- 
synthetic processes (20). ATP is generated 
through redox reactions that involve the trans- 
fer of electrons from an electron donor, such as 
glucose, to an electron acceptor, such as oxygen 
(O,). On the basis of the redox reactions used 
for ATP production, bacteria can be classified 
into metabolic groups, each containing mi- 
crobes that exploit the same class of resources 
in a similar way (Fig. 1) (27). Examples of meta- 
bolic groups include the facultatively anaerobic 
bacteria, which produce ATP using oxygen or 
nitrate (NO; ) but are capable of switching to 
fermentation when these electron acceptors are 
absent. A second metabolic group important 
for this Review is the obligately anaerobic 
primary fermenters, which cannot grow under 
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Fig. 1. Redox reactions that control bacterial community composition in lake sediments. Bacteria 
generate energy (ATP) through redox reactions (magenta font and arrows) that involve the transfer 

of electrons (n[H]) from an electron donor (e.g., a carbohydrate) to either an exogenous electron acceptor, 
such as oxygen (Oz) or nitrate (NO3 ), or to an endogenous electron acceptor, such as phosphoenolpyruvate 
(PEP) or pyruvate (Py). ATP production, which is coupled to these redox reactions through substrate-level 
phosphorylation or oxidative phosphorylation, powers synthesis of polymers (blue font and arrows) required 
for bacterial growth (cell division). Bacteria using the redox reaction with the greatest free energy prevail, 
which determines which metabolic groups of bacteria can dominate microbial communities in a lake sediment 
(center). Facultatively anaerobic bacteria that use oxygen, the electron acceptor that generates the greatest 
free energy, dominate the upper layer of a lake sediment (right, top). Once oxygen has been depleted, 
facultative anaerobic bacteria respire nitrate to maintain their dominance (right, bottom). Oxygen and nitrate 
are depleted in deeper sediment layers, which renders obligately anaerobic primary fermenters that use 
endogenous electron acceptors the most successful metabolic strategy (left). CO2, carbon dioxide; H20, 
water; NOz , nitrite; N20, nitrous oxide; Nz, nitrogen; NH4", ammonium; SCFAs, short-chain fatty acids; Hz, 
hydrogen. Panels on the right and left were modified from a presentation by A. Spormann with permission 


[created with BioRender.com]. 
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atmospheric oxygen concentrations and gen- 
erate ATP by oxidizing available carbohydrates 
using endogenous electron acceptors, such as 
pyruvate or phosphoenolpyruvate. Microbes 
that can maximize ATP production in a spe- 
cific environment will accelerate their growth 
and dominate microbial communities. As a re- 
sult, redox reactions that generate the greatest 
free energy are the principal drivers of bacterial 
community composition in nature (22, 23). 

For example, oxygen, the electron acceptor 
with the highest redox potential, is used by 
facultatively anaerobic bacteria near the surface 
of lake sediments (24) (Fig. 1). Once oxygen has 
been depleted, facultatively anaerobic bacteria 
resort to oxidizing organic compounds using 
nitrate, an electron acceptor that is second 
only to oxygen in its redox potential (25). The 
predominant usage of oxygen or nitrate as 
electron acceptors in the upper layers of lake 
sediment drives the microbial community 
composition to be dominated by faculta- 
tively anaerobic bacteria (24, 25). Conversely, 
depletion of oxygen and nitrate in deeper 
sediment layers renders redox reactions that 
use endogenous electron acceptors, such as 
pyruvate or phosphoenolpyruvate, the pre- 
dominant metabolic strategy. Consequently, 
obligately anaerobic primary fermenters dom- 
inate microbial communities in the lower 
layers of lake sediments (26). In brief, the 
depth-related changes in the composition of 
microbial communities in lake sediments are 
governed by the availability of respiratory 
electron acceptors (24, 25). 

The concept that redox reactions are an im- 
portant driver of bacterial community com- 
position also applies to the gut microbiota (13). 
Similar to the depth-related changes in oxygen 
availability in lake sediments, oxygen levels 
in the gut decrease from the duodenum to the 
large intestine (27) (Fig. 2). As a result, the low- 
density microbial community in the small in- 
testine is dominated by facultatively anaerobic 
bacteria belonging to the class Bacilli (phylum 
Firmicutes) and the order Enterobacterales 
[ord. nov. (28), phylum Proteobacteria], where- 
as obligately anaerobic primary fermenters 
belonging to the classes Bacteroidia (phy- 
lum Bacteroidetes) and Clostridia (phylum 
Firmicutes) dominate the high-density micro- 
bial community in the large intestine (29, 30). 
The colonic microbiota is of particular inter- 
est for human health (7) because this absorp- 
tive organ harbors ~100-fold more microbes 
than any other microbial community in our 
body (31), which makes it the principal source 
of microbial metabolites. In turn, metabolites 
produced by the colonic microbiota profound- 
ly influence host physiology, which makes 
changes in the microbial metabolite profile a 
common contributor to human disease (32-37). 
A high-density microbial community in the 
colon is beneficial because food that escapes 
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Fig. 2. The host controls electron acceptor availability in the intestine. The murine intestine (middle 
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schematic). Conversely, the absence of oxygen and nitrate in the large intestine favors OA over FA [created 


with BioRender.com]. 


digestion by host enzymes in the small intes- 
tine is converted by the colonic microbiota into 
fermentation products that are absorbed by the 
host for nutrition (38, 39). Conversely, mecha- 
nisms that maintain a low microbial density in 
the small intestine are beneficial for the host 
because small intestinal bacterial overgrowth 
is associated with excessive deconjugation of 
bile, which can cause malabsorption, diarrhea, 
and weight loss (40). 


The host selects which metabolic groups 
dominate the gut microbiota 


Analogously to lake sediments, it is commonly 
assumed that microbial depletion of oxygen is 


also the main factor regulating electron accep- 
tor availability in the intestine. Accordingly, 
conventional wisdom holds that facultatively 
anaerobic bacteria generate an oxygen gradient 
by gradually depleting this electron acceptor 
as contents pass through the small intestine, 
thereby preserving anaerobiosis in the large 
intestine (41, 42). Furthermore, because facul- 
tatively anaerobic Bacilli and Enterobacterales, 
such as Escherichia coli, are commonly among 
the first species to colonize the infant gut 
(43-45), it is a widely held belief that oxygen 
consumption by these taxa is required to pave 
the way for the subsequent engraftment of 
obligately anaerobic Bacteroidia and Clostridia 
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during microbiota assembly (47, 42). However, 
the following observations challenge the dogma 
that depletion of oxygen by facultatively anaer- 
obic bacteria is the main factor controlling elec- 
tron acceptor availability in the intestine. 

First, comparison of luminal oxygen levels in 
the duodenum, ileum, and cecum shows that 
similar oxygen partial pressures prevail in com- 
parable segments of the gut of conventional 
mice compared with germ-free mice. This work 
indicates that the notable decrease in luminal 
oxygen availability in the cecum compared with 
the duodenum is maintained independently of 
the microbiota (27). 

Second, engraftment of germ-free mice with 
E. coli facilitates subsequent colonization with 
Bacteroides thetaiotaomicron, but this process 
does not require E. coli to deplete oxygen (46). 
Although EF. coli lowers the implantation dose 
for B. thetaiotaomicron, a similar decrease in 
the B. thetaiotaomicron implantation dose is 
observed after engrafting germ-free mice with 
an FE. coli hemA mutant, which cannot respire 
oxygen (46). These data suggest that coloni- 
zation of the neonate gut with facultatively 
anaerobic Proteobacteria promotes a subse- 
quent engraftment of obligately anaerobic 
Bacteroidia through mechanisms that are in- 
dependent of microbial oxygen depletion. 

Third, luminal oxygen levels in the duode- 
num of germ-free mice are close to tissue levels, 
which suggests that oxygen is derived from the 
circulation and freely diffuses from the tissue 
into the duodenal lumen (27) (Fig. 2). By con- 
trast, the host limits diffusion of oxygen into the 
large bowel by maintaining a state of physio- 
logical hypoxia (<1% O.) in the large intestinal 
epithelium (/4, 47). Through this mechanism, 
the host regulates luminal oxygen concentra- 
tion in the cecum to ~0.6%—effectively an 
anaerobic state that is also preserved in the 
cecum of germ-free mice (27). Together, these 
data indicate that the oxygen gradient along 
the longitudinal axis of the intestinal lumen 
is generated and maintained by the host, not 
by microbial oxygen depletion. 

The luminal oxygen level of ~6% (45 mmHg 
O.) found in the duodenum of mice is con- 
siderably higher than that in the ileum, which 
averages only 1% oxygen (7.5 mmHg) (27). Al- 
though oxygen availability is limited, epithelial 
cells of the ileum constitutively synthesize a 
reduced form of nicotinamide adenine di- 
nucleotide phosphate (NADPH)-oxidase, 
termed NOX] (48), and an inducible nitric 
oxide synthase, termed iNOS (49). Superoxide 
(O,") produced by NOX! reacts with nitric oxide 
(NO-) formed by iNOS to generate peroxynitrite 
(ONOO ) (50, 51), which decomposes to nitrate 
in the intestinal lumen (52) (Fig. 2). As a result, 
the nitrate concentration in the ileal lumen of 
mice averages ~6 mM during gut homeostasis 
(53). By contrast, host-derived nitrate is not 
available in the lumen of the duodenum or 
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cecum (53) because iNOS is not synthesized 
in these tissues (49). Notably, mice deficient 
for the synthesis of INOS and NOX1 exhibit an 
increase in the abundance of obligately anaer- 
obic bacteria in the ileal microbiota, such that 
the composition of this microbial community 
closely resembles that in the colon (48). These 
observations are consistent with the idea that 
host-derived nitrate helps to maintain a domi- 
nance of facultatively anaerobic bacteria in the 
distal small intestine. 

To conclude, the host maintains a high lu- 
minal oxygen concentration in the proximal 
small intestine (27) and delivers nitrate to the 
lumen of the distal small intestine (53). The 
predominant usage of oxygen or nitrate as 
electron acceptors in the small intestine drives 
the microbial community composition to be 
dominated by facultatively anaerobic bacteria 
(30). By contrast, through limiting access to 
oxygen and nitrate in the large intestine (54), 
the host drives a dominance of obligately an- 
aerobic primary fermenters, which commonly 
include members of the classes Bacteroidia 
and Clostridia (55). 

The picture emerging from these studies is 
that the bacterial community composition in 
the intestine is shaped by the same thermo- 
dynamically predictable hierarchy of redox 
reactions that also govern the depth-related 
changes in the composition of microbial com- 
munities in lake sediments. However, unlike 
in lake sediments, where microbial depletion 
of electron acceptors controls their availability 
(24, 25), the availability of oxygen and nitrate 
in the intestine is firmly under host control 
through the regulation of epithelial hypoxia 
and iNOS synthesis (54). By differentially con- 
trolling the availability of oxygen and nitrate 
along the longitudinal axis of the intestine, 
the host controls which microbial metabolic 
strategies prevail in the small versus the large 
intestine by using the same thermodynamic 
principles that govern bacterial community 
composition in nature. 


Diet shapes the gut microbiota composition 
during homeostasis 


When the gut is in homeostasis, the host main- 
tains concentrations of oxygen and nitrate at 
constant levels in each part of the intestine 
(27, 53). However, changes in the availability 
of diet-derived electron donors can cause var- 
iation in the composition of the microbiota. In 
the gastrointestinal tract, foodstuffs are broken 
down by host enzymes in the upper gastro- 
intestinal tract into simple sugars, amino acids, 
fatty acids, and diglycerides. These nutrients are 
efficiently absorbed in the small intestine and 
do not represent a major source of electron 
donors for the colonic microbiota. However, 
indigestible polymers, such as plant polysac- 
charides (fiber) or cartilage-derived glycans, 
are available as diet-derived electron donors 


for the colonic microbiota (56). A second class 
of diet-derived electron donors in the colon are 
simple sugars that are poorly absorbed in the 
small intestine, which fall under the umbrella 
of FODMAPs, an acronym for fermentable 
oligosaccharides, disaccharides, monosaccha- 
rides, and polyols (57). Because the host limits 
the availability of the exogenous electron accep- 
tors oxygen and nitrate in the colonic lumen 
during homeostasis, FODMAPs and indigest- 
ible polymers are broken down by obligately 
anaerobic primary fermenters using endog- 
enous electron acceptors (Fig. 1). In turn, ATP 
generated through these redox reactions drives 
a dominance of obligately anaerobic primary 
fermenters in the colonic microbiota during 
homeostasis. 

Cultural influences cause considerable var- 
iation in dietary behavior between individuals. 
As a result, individual variation in feeding 
behavior results in variation in diet-derived 
electron donors, which translates into personal 
variation in human fecal microbiota composi- 
tion (58-60). The most abrupt and pronounced 
change in dietary behavior is associated with 
weaning. In mammals, nutrition of the infant 
is under maternal control through lactation. 
Milk contains fat and proteins that are di- 
gested by host enzymes and absorbed in the 
small intestine of the infant. Additionally, milk 
contains FODMAP-like oligosaccharides, which 
are poorly absorbed in the small intestine, do 
not directly provide nutrition for the infant, 
and serve as the main source of electron do- 
nors for the colonic microbiota (67, 62). Milk 
oligosaccharides are a heterogeneous mix of 
soluble glycans with oligosaccharide compo- 
sitions that differ between mammalian species 
(63). As the infant microbiota matures, niches 
carved out by human milk oligosaccharides 
become occupied by Bifidobacterium longum 
subspecies infantis (phylum Actinobacteria), 
a microbe that efficiently degrades these elec- 
tron donors (64, 65). Consequently, this obli- 
gately anaerobic primary fermenter accounts 
for up to 70% of the fecal 16S ribosomal RNA 
(tRNA) amplicon sequencing reads in breast- 
fed infants (66) (Fig. 3). Weaning removes 
human milk oligosaccharides from the diet, 
which leads to an extinction of B. longwm sub- 
species infantis from the fecal microbiota (67). 
After weaning, the electron donor menu for 
the colonic microbiota changes abruptly, as 
human milk oligosaccharides are replaced by 
diet-derived FODMAPs and indigestible poly- 
mers. A large repertoire of genes encoding 
polysaccharide lyases and glycosyl hydrolases 
make Bacteroidia well suited to degrade plant 
polysaccharides (68), whereas Clostridia are 
the main consumers of diet-derived FODMAPs 
during homeostasis (69). As a result, diet- 
derived electron donors drive the colonic 
microbiota composition after weaning toward 
a dominance of obligately anaerobic primary 
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Fig. 3. Fecal microbiota assembly and homeostasis. After birth, fecal microbiota 
assembly is associated with fluctuations in the species composition. Once ecological 
niches created by lactation and host-derived resources are occupied, the fecal 
microbiota enters an equilibrium state characterized by a dominance of Actino- 
bacteria. Weaning opens ecological niches by introducing new diet-derived electron 
donors, which initiates a second round of microbiota assembly associated with a 
brief (i.e., 2- to 3-week) instability of the microbiota composition. Diet and host 
factors that control microbial growth conditions act in concert to drive a stable 
equilibrium state, in which the adult-type microbiota is dominated by Firmicutes and 
Bacteroidetes. An infant-type microbiota dominated by Actinobacteria and an adult- 


type microbiota dominated by Firmicutes and Bacteroidetes both represent 
homeostatic microbial communities because host control over the microbial 
environment is normal. A weakening of host functions that control parameters 
important for microbial growth generates abnormal growth conditions that lead to 
dysbiosis. These abnormal growth conditions often involve an increase in the 
availability of oxygen and nitrate in the colonic lumen, which can be caused by 
high-fat diet, antibiotic usage, intestinal inflammation, enteric infection, or colorectal 
cancer. Abnormally high levels of these host-derived electron acceptors in the 
colon drive dysbiosis in the fecal microbiota that is characterized by an elevated 
abundance of Proteobacteria [created with BioRender.com]. 


fermenters belonging to the classes Bacteroidia 
and Clostridia (29, 30). 

The ecological succession during wean- 
ing, from a colonic microbiota dominated by 
Actinobacteria to an adult-type microbiota 
dominated by Bacteroidia and Clostridia illus- 
trates that diet-derived electron donors have a 
marked influence on the gut microbiota com- 
position (67). After weaning, new ecological 
niches carved out by diet-derived FODMAPs 
and indigestible polymers become successively 
occupied by Bacteroidia and Clostridia spe- 
cies. While this assembly process is in progress, 
susceptibility to enteric bacterial pathogens in- 
creases transiently (70). However, once the 
assembly process is complete, an adult-type 
microbiota can prevent engraftment of new 
microbes through priority effects, thereby pro- 
viding resistance to infection with enteric 
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pathogens (77). Notably, both an Actinobacteria- 
dominated microbiota in breastfed infants 
and a microbiota dominated by Bacteroidia 
and Clostridia in adults represent homeostatic 
microbial communities (Fig. 3). 


Causes and consequences of dysbiosis 


Whereas the repertoire of diet-derived elec- 
tron donors determines which redox reactions 
are available for microbial growth during ho- 
meostasis, an increased intake of a high-energy 
(i.e., high-fat, high-sucrose and/or -fructose), 
low-fiber diet (i.e., a diet characterized by a 
lack of whole grains and vegetables) can con- 
tribute to a disruption of homeostasis (72). A 
high-fat diet contains foods with high fat 
content (e.g., processed meats or animal fat), 
resulting in more than 35% of caloric intake 
being derived from fat. Examples of foods high 


in sucrose or fructose include candy, desserts, 
sugary soft drinks, fruit juices, and commer- 
cial cereals. A sedentary lifestyle in conjunc- 
tion with increased high-energy, low-fiber 
food consumption has generated a positive 
energy imbalance in high-income countries, 
which fuels obesity rates (73, 74). Obesity is 
associated with dysbiosis, which is in turn 
associated with accelerated weight gain (75) 
and exacerbated obesity-associated states, such 
as cardiovascular disease (76), colitis (77), and 
colorectal cancer (78). Notably, high-energy, 
low-fiber food disrupts homeostasis by directly 
or indirectly impairing host control mecha- 
nisms that shape the environment of the gut 
microbiota. 

An aspect of high-energy food that indirectly 
disrupts host control over the microbial envi- 
ronment is a lack of indigestible polymers in 
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the diet. A decreased diversity in dietary plant 
polysaccharides, as shown in a study of immi- 
gration to the US from Thailand, is linked to a 
displacement of Prevotella species (phylum 
Bacteroidetes) by Bacteroides species (phylum 
Bacteroidetes) in the fecal microbiota (59). 
Whereas Prevotella species specialize in catab- 
olizing diet-derived fiber, Bacteroides species 
are fiber eaters that switch to breaking down 
host-derived mucin glycans when plant poly- 
saccharides are removed from the diet of labo- 
ratory mice (79, 80). The resulting degradation 
of mucin glycans can then lead to erosion of 
the colonic mucus barrier (87). The host main- 
tains an inner colonic mucus layer containing 
a low density of microbes, whereas the outer 
mucus layer is densely colonized by micro- 
organisms (82). This organization into inner 
and outer mucus layers generates cross- 
sectional heterogeneity in the density of co- 
lonic microbial communities. The low bacterial 
density in the inner mucus layer is thought to 
protect the epithelial surface from the high- 
density microbial communities inhabiting the 
outer mucus layer and the lumen. Consistent 
with this idea, erosion of the inner mucus 
layer increases susceptibility to infection in a 
mouse model (87) and is associated with pen- 
etration of bacteria into crypts during chem- 
ically induced colitis in mice (83) and in 
ulcerative colitis patients (84, 85). In short, 
a low-fiber diet drives erosion of the mucus 
barrier, which impairs host control of the 
colonic microbiota. 

A second aspect of high-energy, low-fiber 
food is its high sucrose and/or high fructose 
content. Overconsumption of these simple 
sugars can overwhelm absorption in the small 
intestine, resulting in transit into the colon 
(86), where these electron donors trigger 
changes in the microbiota composition by 
increasing the abundance of Firmicutes that 
consume sucrose or fructose (87, 88). A long- 
term high-fructose diet promotes the growth 
of mucin glycan-degrading bacterial species 
(89). It also impairs the colonic mucus barrier 
(89) and increases susceptibility to colitis (90). 
However, the chain of events through which a 
high-sugar diet weakens the mucus barrier 
remains incompletely understood. 

A third aspect of high-energy, low-fiber food 
is its high fat content, which directly impairs 
host cell functions that shape the microbial 
environment. A prolonged high-fat diet induces 
low-grade colonic inflammation (97), which 
can be exacerbated by antibiotic treatment 
(92) or by consumption of large amounts of 
sucrose (93). Mechanistically, saturated fatty 
acids, a component of a high-fat diet, trigger 
oxidative stress (91) by inducing elevated 
mitochondrial hydrogen peroxide production 
(94, 95). As a result, saturated fatty acids im- 
pair mitochondrial bioenergetics in the intes- 
tinal epithelium if a high-fat diet is prolonged 
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(96). Reduced mitochondrial bioenergetics 
trigger endoplasmic reticulum stress in mucus- 
producing goblet cells, thereby weakening the 
mucus barrier by reducing mucus production 
(91). Because mitochondrial oxygen consump- 
tion maintains the colonic surface in a state of 
physiological hypoxia (54), another result of 
mitochondrial impairment by a high-fat diet 
is an increase in epithelial oxygenation, which 
in turn raises oxygen availability in the colonic 
lumen (92, 96). Furthermore, reduced mito- 
chondrial activity in colonic epithelial cells 
induces iNOS synthesis (54). Consequently, 
a diet rich in saturated fatty acids leads to 
epithelial release of nitric oxide in the colon 
(96). Superoxide produced by NOX1, which is 
synthesized constitutively in the colonic epi- 
thelium (48), reacts with nitric oxide to form 
nitrate in the intestinal lumen (96). In sum- 
mary, a high-fat diet rich in saturated fatty 
acids directly acts on the colonic epithelium to 
impair the host’s ability to limit the availabil- 
ity of oxygen and nitrate to microbes in the 
colonic lumen. 

Host control over electron acceptor avail- 
ability is important for balancing the micro- 
biota composition to maintain homeostasis 
(12, 13, 19). Conversely, impairment of these 
host control mechanisms can drive dysbiosis 
(14, 17, 97). Conditions that increase the avail- 
ability of host-derived oxygen and nitrate in 
the colonic lumen cause dysbiosis by fueling 
growth of facultatively anaerobic bacteria in 
the colonic microbiota (97-99). Levels of host- 
derived oxygen and nitrate become elevated 
in the colonic lumen not only by a high-fat 
diet (96), but also after antibiotic treatment 
(54, 100); after infection with enteric pathogens 
(101-108); and in mouse models of ulcerative 
colitis (109-112), cancer cachexia (113), or co- 
lorectal cancer (1/4, 175). These diseases are all 
marked by an increased abundance of facul- 
tatively anaerobic bacteria in the colonic micro- 
biota because such organisms can use oxygen 
or nitrate as respiratory electron acceptors to 
fuel their growth (54, 92, 96, 100-115) (Fig. 1). 
An elevated abundances of facultatively anaer- 
obic bacteria in the colonic microbiota is a 
signature of microbial dysbiosis (176). How- 
ever, this change in the microbiota composi- 
tion is secondary to an underlying impairment 
of host control mechanisms that limit the 
availability of oxygen and nitrate in the co- 
lonic lumen (17). Mechanistically, host control 
over the availability of oxygen and nitrate in 
the colon can become impaired by compounds 
that act directly on epithelial cells, as is the 
case for saturated fatty acids (96), or by com- 
pounds that act directly on microbes, such as 
antibiotics. Antibiotic-mediated disruption of 
the colonic microbiota depletes short-chain 
fatty acids, which in turn triggers a shift in 
epithelial metabolism to increase the avail- 
ability of oxygen and nitrate in the colonic 


lumen (54). These mechanistic insights sug- 
gest that dysbiosis is associated with a state 
of weakened host control over the microbial 
environment. Conversely, gut homeostasis 
represents a state where host functions that 
control microbial growth are normal (i.e., char- 
acteristic of a healthy or normally functioning 
individual) (77) (Fig. 3). 

There is mounting evidence that an in- 
creased availability of host-derived oxygen and 
nitrate in the colon does not merely change 
which bacteria are there, but also what facul- 
tatively anaerobic bacteria are doing. Bacteria 
have proteinaceous structures in their cyto- 
plasm that are analogous to the membrane- 
bound organelles of eukaryotic cells. These 
microcompartments typically encase enzymes 
involved in catabolic pathways that generate 
a toxic metabolic intermediate, such as propi- 
onaldehyde or acetaldehyde (177). Facultatively 
anaerobic bacteria produce these aldehyde 
intermediates during the catabolism of 1,2 
propanediol, ethanolamine, or choline in micro- 
compartments (117). Notably, facultatively an- 
aerobic bacteria require a respiratory electron 
acceptor to power this catabolism (96, 118-122) 
(Fig. 4A). Therefore, microcompartments do 
not provide a growth advantage in the colon 
during gut homeostasis when oxygen and 
nitrate are scarce. However, conditions that 
increase the availability of exogenous electron 
acceptors in the colonic lumen enable faculta- 
tively anaerobic Enterobacterales to initiate 
catabolism of ethanolamine, 1,2 propane- 
diol, and choline (96, 179, 120) (Fig. 4, B and 
C). This metabolic shift is relevant because 
microcompartment-derived metabolites can 
adversely affect the health of the host (723). 

Trimethylamine (TMA) produced during 
the catabolism of choline—a component of 
high-energy, low-fiber food—is perhaps the 
microcompartment-derived metabolite that 
is most relevant for human health because it 
has been linked to cardiovascular disease (76) 
(Fig. 4C). Gene clusters responsible for TMA 
production are commonly found in obligately 
anaerobic Clostridia and facultatively anaer- 
obic Enterobacterales (124, 125), but only the 
latter taxon features an elevated relative abun- 
dance in the fecal microbiota of individuals 
on a high-fat diet (126-128). In addition to 
increasing the abundance of Enterobacterales, 
saturated fatty acids heighten the availability of 
oxygen and nitrate in the colon. In turn, these 
electron acceptors power microcompartment- 
dependent choline catabolism, which turns 
Enterobacterales into dominant producers of 
TMA in the microbiota (96) (Fig. 5). TMA is 
absorbed by the host and converted by flavin 
monooxygenases in the liver to trimethylamine 
N-oxide (TMAO), which can be measured in 
the circulation (129, 130). Elevated TMAO con- 
centrations in the blood are linked to cardio- 
vascular disease (76), increasing the relative 
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presumably because it enables bacteria to produce less alcohol (ethanol or 
propanol) and more acid (acetate or propionate), which increases the ATP yield 
(122). NADH and NAD*, reduced and oxidized forms of nicotinamide adenine 
dinucleotide; ADP, adenosine diphosphate; NH,4*, ammonium; [H], electron; 
CoA, coenzyme A; P, phosphate [created with BioRender.com]. 


risk for all-cause mortality in patients in a 
concentration-dependent manner (737). Thus, 
a rise in circulating levels of a metabolite 
linked to cardiovascular disease (i.e., TMAO) 
is triggered because multiple components of a 
high-energy, low-fiber diet act synergistically to 
change the environment of the gut microbiota 
(96). These findings illustrate that anaerobiosis 
not only balances the microbiota composition 
in the colon, but also maintains an environ- 
ment that limits the generation of potentially 
harmful microbiota-derived metabolites, such 
as TMA. 


Future directions 


One limitation of relying on measuring micro- 
biota composition and gene expression alone 
to define a balanced microbiome is that this 
microbe-centric approach does not consider 
how the host influences the environment in- 
habited by the microbiota. The term micro- 
biome is derived from biome, which includes 
an environment and all the microbes within 
it (132). Therefore, a panel of international 
experts from the MicrobiomeSupport project 
recently proposed to define the microbiome as 
the microbiota and its environment (4). This 
viewpoint suggests that, in addition to measur- 
ing microbiota composition and gene expres- 
sion, measurements of the host environment 
need to be performed to understand what 
constitutes a healthy microbiome. 

The available evidence suggests that the host 
controls the environment of the microbiota 
using a similar hierarchy of redox reactions 
that also dictates the composition of micro- 
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bial communities in abiotic environments 
(Fig. 1). By controlling the availability of oxy- 
gen and nitrate (Fig. 2), the host determines 
which redox reactions are available for gen- 
erating ATP to fuel microbial growth. The 
presence of oxygen and nitrate in the small 
intestine results in a dominance of faculta- 
tively anaerobic bacteria because the use of 
these exogenous electron acceptors maximizes 
ATP production. The absence of oxygen and 
nitrate renders the redox reactions performed 
by obligately anaerobic primary fermenters 
the most successful metabolic strategy, result- 
ing in their preeminence in the large intestine 
(Fig. 1). In addition to shaping the compo- 
sition of the microbiota, limiting the availa- 
bility of oxygen and nitrate in the colon also 
contributes to homeostasis by curbing meta- 
bolic pathways that produce potentially harm- 
ful microbiota-derived metabolites, such as 
TMA (Fig. 5). Mechanisms that control the 
availability of respiratory electron acceptors 
in the intestine could therefore be viewed as 
part of an immune system subdivision that 
shapes the microbiota to sustain host health 
(15, 18, 19). 

Taking this perspective on host immunity 
implies that dysbiosis is characterized by 
an underlying impairment of host immune 
functions that regulate the microbiota and 
microbial metabolism (10, 79) (Fig. 3). Mea- 
surements of these host functions could pro- 
vide a more quantitative insight into the state 
of microbiome homeostasis than current 
microbe-centric approaches, which cannot be 
used to quantify gut homeostasis. For example, 


measurements of oxygen and nitrate concen- 
trations along the longitudinal axis of the 
intestine could be used to determine a normal 
range that is characteristic of a healthy or 
normally functioning individual. This could 
perhaps be accomplished indirectly by mon- 
itoring a shift in epithelial energy metabolism 
using technologies such as intraluminal fluo- 
rescence lifetime imaging (133). Measure- 
ments within the normal range might indicate 
homeostasis, whereas values outside this range 
would indicate dysbiosis. Thus, determining 
the normal range of host functions that reg- 
ulate the microbiota would provide units of 
measurement to quantify homeostasis and 
dysbiosis. 

To be comprehensive, this approach would 
have to be expanded to include measurements 
of other host parameters relevant for micro- 
bial growth in the colon, including factors 
released in the upper gastrointestinal tract 
(19). For example, an impairment of diges- 
tive functions in the small intestine can have 
downstream effects on the fecal microbiota 
composition. Bile acids are absorbed to >95% 
in the ileum, but conditions that impair their 
absorption increase fecal bile concentrations 
(134). Deconjugation of bile by the colonic 
microbiota liberates taurine, which is used 
as an electron acceptor that is converted to 
sulfide (S” ) by bacteria belonging to the class 
Deltaproteobacteria (121, 135). By increasing 
taurine concentrations in the colon, impaired 
bile absorption therefore drives a bloom of 
Deltaproteobacteria (121). In turn, a bloom of 
Deltaproteobacteria exacerbates inflammation 
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Fig. 5. Dysbiosis links diet to atherosclerosis. (A) During homeostasis, oxidation of fatty acids in the 


mitochondria results in high epithelial oxygen consumption, which maintains the epithelium in a state of 
physiological hypoxia. Epithelial hypoxia limits diffusion of oxygen into the colonic lumen, which preserves 
anaerobiosis. In turn, anaerobiosis maintains a dominance of obligately anaerobic primary fermenters 
(obligately anaerobic bacteria) within the colonic microbiota. The paucity of exogenous electron acceptors 
imits choline catabolism in microcompartments of facu 
species within the colonic microbiota during homeostasis. (B) Chronic high-fat intake increases epithelial 
oxygenation in the colon because saturated fatty acids decrease mitochondrial bioenergetics. In turn, 
increased levels of oxygen and nitrate in the colonic lumen trigger dysbiosis, which is characterized by an 
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elevated abundance of facultatively anaerobic bacteria. Furthermore, oxygen and nitrate power choline 
catabolism in bacterial microcompartments, thereby escalating TMA production by the microbiota. TMA is 
absorbed by the host and converted to TMAO in the liver. The resulting increase in circulating TMAO levels is 
linked to the development of atherosclerosis [created with BioRender.com]. 


in a mouse model of inflammatory bowel dis- 
ease (128). This example illustrates that quan- 
tity and composition of bile acid metabolites 
provide important measures for the state of 
colonic microbiome homeostasis. Another im- 
portant host parameter shaping microbial 
growth in the colon is the integrity of the 
mucus barrier (82). In addition to the physical 
barrier formed by mucin glycans of the inner 
mucus layer, NOX1-derived reactive oxygen 
species form a chemical barrier that presum- 
ably keeps obligately anaerobic bacteria at a 
distance from the epithelial surface (136, 137). 
There are likely additional host parameters 
that would need to be considered to be com- 
prehensive, but eventually such an approach 
has the potential to generate diagnostic tools 
to assess the state of colonic microbiome ho- 
meostasis more quantitatively. 

In addition to making it feasible to obtain 
some quantitative measure for the state of a 
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microbiome, the concept of host regulation 
of the microbiota makes it possible to think 
about targeting host functions with therapeu- 
tic approaches to remediate dysbiosis (19). 
Dysbiosis in the colonic microbiota is often 
triggered because impaired mitochondrial 
function in the colonic epithelium disrupts 
epithelial hypoxia and disturbs anaerobio- 
sis in the lumen (/4, 77). Recent studies have 
suggested that drugs that revive mitochondrial 
bioenergetics in the colonic epithelium can be 
used to restore gut homeostasis. An important 
positive regulator of mitochondrial bioener- 
getics in the colonic epithelium is the nuclear 
receptor peroxisome proliferator-activated 
receptor gamma (PPAR-y) (54). Mitochondrial 
bioenergetics in the colonic epithelium can be 
strengthened by treatment with the PPAR-y 
agonist 5-aminosalicylic acid [(5-ASA), the 
active ingredient of mesalamine] (138), which 
is poorly absorbed in the small intestine and 


acts specifically on epithelial cells in the colon 
(111). 5-ASA treatment normalizes the colonic 
microbiota composition by checking the growth 
of facultatively anaerobic bacteria in patients 
with mild to moderate ulcerative colitis (139), in 
mouse models of colitis (92, 111), or in those fed 
a high-fat diet (96). Furthermore, strengthening 
mitochondrial bioenergetics using 5-ASA or 
resveratrol, a SIRTUIN 1 agonist (140, 141), 
reduces circulating TMAO levels in mouse 
models of high-fat diet (96, 142), which suggests 
that restoring epithelial hypoxia also limits 
production of potentially harmful metabolites 
by the colonic microbiota. 

Measuring host homeostasis is still ham- 
pered by the need to define all of the factors 
used by the host to regulate its microbiota. Be- 
cause gut dysbiosis is linked to a broad range 
of noncommunicable human diseases (1, 13), 
consideration of host-driven microbiota reg- 
ulation has the potential for guiding the de- 
velopment of remedies for a wide spectrum 
of illnesses, a prospect that makes the study 
of host factors governing the gut microbiota 
perhaps one of the most exciting areas in 
microbiome research. 
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Cenozoic evolution of deep ocean temperature from 
clumped isotope thermometry 


A. N. Meckler**, P. F. Sexton’, A. M. Piasecki*}, T. J. Leutert?, J. Marquardt?, M. Ziegler®, 
T. Agterhuis®, L. J. Lourens®, J. W. B. Rae’, J. Barnet’, A. Tripati®, S. M. Bernasconi® 


Characterizing past climate states is crucial for understanding the future consequences of ongoing greenhouse 
gas emissions. Here, we revisit the benchmark time series for deep ocean temperature across the past 

65 million years using clumped isotope thermometry. Our temperature estimates from the deep Atlantic Ocean 
are overall much warmer compared with oxygen isotope-based reconstructions, highlighting the likely 
influence of changes in deep ocean pH and/or seawater oxygen isotope composition on classical oxygen 
isotope records of the Cenozoic. In addition, our data reveal previously unrecognized large swings in deep 
ocean temperature during early Eocene acute greenhouse warmth. Our results call for a reassessment of the 
Cenozoic history of ocean temperatures to achieve a more accurate understanding of the nature of climatic 
responses to tectonic events and variable greenhouse forcing. 


hroughout the Cenozoic era (the past 
65 million years), Earth has experienced 
a large range of climate states (/, 2), mov- 
ing from greenhouse climates with high 
levels of atmospheric CO, and minimal 
ice on land to an icehouse world with large- 
scale, bipolar glaciation. Reconstructions of 
past temperatures offer unique insights into 
the response of the climate system to vary- 
ing levels of CO, and other influences such 
as tectonically forced changes in ocean circu- 
lation. These reconstructions additionally 
serve as crucial benchmarks for assessing 
the performance of climate models (3). Deep 
ocean temperature is commonly used to ob- 
tain globally representative temperature esti- 
mates on million-year time scales [e.g., (4, 5)] 
because the deep ocean constitutes an extremely 
large and comparatively stable heat reservoir. 
The key approach to reconstructing deep 
ocean temperatures, especially through 
the early Cenozoic, has been the analysis 
of the oxygen isotopic composition of shells 
of benthic foraminifera (5'°O,) from deep 
ocean sediments. 5'°O, reflects deep ocean 
temperature but also seawater isotopic com- 
position (880. at the time of shell forma- 
tion. The canonical view has been that before 
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Antarctica was continually glaciated, 5'°0,,, 
had an assumed “ice-free Earth” value of -0.9 
to -1.2%o (J, 6), and that temperature was the 
single most important influence on 5'°O). 
Paleocene and early to middle Eocene temper- 
atures are therefore typically calculated directly 
from 5'°O,, using established temperature calib- 
rations [e.g., (7)]. This approach has yielded 
deep ocean temperatures of up to 12°C (J) to 
14°C (6) during the warmest part of the 
Cenozoic, the early Eocene climatic optimum 
[EECO, 52 to 49 million years ago (Ma)]. How- 
ever, the long-standing assumptions made as 
part of this established approach are largely 
uncorroborated (6, 8). 380. indeed reflects 
continental storage of ice, but also that of 
groundwater, and can in addition be related to 
changes in salinity and influenced by long-term 
changes in interactions between seawater and 
oceanic crust. Furthermore, nonthermal, phys- 
iological influences on 8'*O, are not well 
understood (7) but are evident from 5'°0, 
offsets between different species [e.g., (9)]. 
Additional proxy constraints have previously 
been sought from the Mg/Ca ratio of benthic 
foraminifera [e.g., (10, 1D], a temperature proxy 
that is independent of &'°O,,,. However, like 
38'°0,, the Mg/Ca proxy suffers from non- 
thermal influences such as changes in sea- 
water Mg/Ca ratio and carbonate chemistry 
(72) and physiological effects necessitating 
species-specific calibrations (8). Given these 
potential confounding influences on previous 
proxy records, the Cenozoic evolution of deep 
ocean temperature remains highly uncertain. 
Here, we report the first Cenozoic record 
of deep ocean temperature based on carbon- 
ate clumped isotope (A47) thermometry. The 
clumped isotope method takes advantage of 
the temperature dependence of isotopic order- 
ing within molecules (73). It has the benefit 


that it does not require knowledge about sea- 
water composition and is not measurably 
affected by physiological factors during the 
formation of foraminifera shells (see the sup- 
plementary materials and methods). Our record 
is predominantly from sites with exceptional 
foraminifera preservation in the North Atlan- 
tic, a region of major influence on global ocean 
circulation and climate. The reported clumped 
isotope temperatures each combine 13 to 45 
replicate analyses of different foraminifera 
species. Species- or genus-specific 5'°O,, and 
carbon isotopic composition (5"C) are obtained 
from the same measurements. The A4,; temper- 
atures show many similarities, but also marked 
differences, compared with previous recon- 
structions of deep ocean temperatures based 
on 35'80,, (Fig. 1A and fig. S6). We observed the 
same overall trend across the Cenozoic, at- 
testing to the fact that the large-scale features 
of the canonical 5'40, dataset do indeed reflect 
overall cooling through this era. This confirma- 
tion is especially important in light of a recent 
controversial suggestion that attributes the 
Cenozoic trend of increasing 8'°O, to post- 
depositional alteration during burial (74, 15). 
However, A, temperatures are considerably 
warmer than previous estimates during most of 
the Cenozoic (Fig. 1A), with deviations of 3° to 
5°C in the middle Oligocene and late Eocene 
and 6° to 8°C in some late Paleocene and early 
Eocene intervals. Our Ay, data also reveal large 
temperature changes in the early Eocene (48 
to 56 Ma) that are not apparent in the 8'°0,- 
based record. 

Most of our Aq; data are from the North 
Atlantic, a region that is seldom represented in 
Cenozoic climate records. The divergences 
from 8'80,-based reconstructions could thus 
reflect regional differences. However, our North 
Atlantic 8'%0,, and 8'°C data obtained along- 
side the Ay, measurements generally show 
close agreement with equivalent global records 
(Fig. 1, B and C, and supplementary materials). 
We furthermore found excellent agreement of 
our Ay, temperatures with previous and new 
Ay-based temperature estimates from other 
locations. Our middle Miocene temperature 
estimates agree with results from the Indian 
and Southern Ocean at that time (/6, 17) (Fig. 
1A, purple triangles). For the Eocene, North 
Atlantic temperatures are similar to those in 
the tropical and South Atlantic Ocean [Fig. 
1A, yellow circle and pink stars (8,19), including 
the South Atlantic location that represents the 
backbone for the early Cenozoic global 3580, 
record. Although further validation of the glo- 
bally representative nature of North Atlantic 
temperatures awaits detailed A,, records from 
multiple sites, the available data point to our 
Ay, temperatures being representative of sub- 
stantial parts of the global ocean. 

The consistency in Ay, temperatures between 
different locations furthermore argues against 
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Fig. 1. Clumped isotope—based reconstruction of deep ocean temperatures 
compared with classical foraminifera isotope records. (A) Ay7 temperatures 
from the North Atlantic (gray symbols) compared with estimates from other sites 
(colored symbols; see inset map) in the Indian Ocean [middle Miocene (16)], 
equatorial and South Atlantic [this study (18, 19)], and the Atlantic sector of the 
Southern Ocean (18). The early Eocene data from (18) span a time interval of 
~200,000 years and were combined into one data point for each location. Error 
bars for Ay7 temperatures are 68% (solid lines) and 95% (stippled lines) 
confidence intervals. For the North Atlantic data, darkness of shading reflects 
robustness based on degree of replication, with ranges of replicate numbers 
specified in the figure legend. The other data points are based on 51 to >200 
measurements (see data S1) reflected in the size of the error bars. The gray 
stippled line is a LOESS fit through the North Atlantic data with a Monte Carlo- 
based 95% confidence interval (see the supplementary materials), and is meant as 
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visual guidance rather than as an alternative representation of the data. The red 
line is a previous estimate of deep ocean temperature based on 8/80, and sea-level 
reconstructions (6). (B) CENOGRID 8/0, record (2) and 8"°0, results from 
species of the genus Cibicidoides (circles) and Nuttalides (crosses) from the 
clumped isotope analyses, corrected for interspecies offsets (Cibicidoides: 
+0.64%o; Nuttalides: +0.4%o). (C) CENOGRID 8°C record (2) with results from 
Cibicidoides and Nuttalides species from the clumped isotope analyses. Note that 
the global CENOGRID record also includes corrections for offsets between sites and 
ocean basins, which we do not apply to our data. Typical offsets in 8!°O,, between 
Atlantic and Pacific sites (the latter interpreted as equivalent to global) are on the 
order of -0.2 to -0.3%o for the Eocene to Oligocene (2), compared with 0 to -0.5%o 
offsets in our Nuttalides data. Inset map shows site locations on a paleogeographic 
reconstruction for ~50 Ma (www.odsn.de/odsn/services/paleomap/paleomap.htm!). 
Also see fig. S4 for close-up views of early and late Cenozoic interval data. 


2 of 5 


RESEARCH | REPORT 


a strong influence of postdepositional altera- 
tion of the A4, signal that would likely be site 
specific. Preservation of foraminifera at the 
North Atlantic sites is typically good to ex- 
cellent (fig. S2), and thus is superior to many 
other deep ocean locations from which 5'°O 
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data have been generated, and we observed no 
relationship between foraminifer preservation 
state or burial depth and Ay, temperature (figs. 
S1 and S82). Our Pleistocene A,7-based temper- 
atures of 0.0° to 3.4°C (fig. S4) are in agree- 
ment with observed present-day temperatures 


(~3°C) and reconstructed glacial temperatures 
[-1°C; (20)], further attesting to the reliability 
of the clumped isotope temperatures. 

The deviation of A,7-based temperatures 
from 8'°O,-based temperatures could imply that 
deep ocean 5'80,,, was higher than previously 
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Fig. 2. Cenozoic evolution of seawater isotopic composition and comparison 
with changes in the carbon cycle. (A to C) Ay7 temperatures as in Fig. 1 (A) with 
atmospheric CO2 concentration from boron isotopes in planktic foraminifera (24) 
with 1 and 2 SD (stippled lines) uncertainties (B), and reconstructed deep ocean 
pH from boron isotopes in benthic foraminifera [(40), open symbols; this study, 
closed symbols] with linear regression (C). Error bars show the influence of 
uncertainties in 8"B and temperature at 2 SDs and the shaded area reflects the 
influence of 8"B.y + 0.5%0o (see the materials and methods). (D) Calculated 3'°0.,, 
(against the SMOW standard; blue/purple symbols with 68 and 95% confidence 
intervals) compared with suggested “ice-free” 8'°0.,, of -0.9 %o [red stippled line; 
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(6)], 580sy of Pleistocene glacial periods of 1%o (dark blue stippled line), and 8'°0.,, 
reconstructed from sea-level estimates and the estimated ice-free 8"°0,,, [gray 
line; (6)]. Blue data points are from the North Atlantic, and other colors reflect other 
sites (see Fig. 1). Light green and other faded color symbols are 8!°0,,, estimates 
after correcting 8"°0, for the long-term increase in deep ocean pH (regression line in 
C) and assuming a sensitivity of 142 %o per pH unit (26). Although this first-order 
correction does not eliminate the variability in "°0,,,, it brings the values on |average 
in closer agreement with the estimated ice-free 5'°0,,, for the early part of the 
record. Arrows on the right show the average North Atlantic 8!°0,,, values for 

>45 Ma before (blue) and after (light green) pH correction. 
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thought (Fig. 2D, blue symbols versus gray 
line), for example, because of intensified crus- 
tal interaction with seawater due to faster sea- 
floor spreading or from substantial continental 
storage of 'O in ice sheets or as groundwater. 
Reconstructions of seafloor spreading rates 
show large variations but no consistent trend 
across the Cenozoic (27). 5'°O,,, values, calcu- 
lated from A,7 temperatures, regularly ap- 
proach 1%o in the North Atlantic and other 
locations [Fig. 2D (/6)]. If wholly explained by 
continental ice sheets, then this would imply 
that ice sheets reached sizes similar to those in 
the Last Glacial Maximum, which seems im- 
plausible. Nevertheless, uncertainties in the 
size of Cenozoic ice sheets translate into un- 
certainties in '°O,,, and thus could contribute 
to the discrepancies in temperature estimates 
from A47 and §'°0,. Enhanced storage of '°O- 
enriched groundwater could also have increased 
5'80, and has been proposed for the Creta- 
ceous greenhouse [e.g., (22)], but the magni- 
tude of this effect is uncertain (23). Parts of the 
ocean interior could at times have been filled 
with more saline O-enriched water. Overall, 
any of these factors or a combination of them 
could have contributed to elevating 5'°O,y 
during much of the Cenozoic, but their potential 
influence remains unclear. 

Instead of an underestimation of 5'°O,y, 
another possibility is that the incorporation 
of the 5'80 signal in foraminifera could be af- 
fected by nonthermal influences such as ocean 
pH. On the basis of new and published boron 
isotope data (8"B) from benthic foraminifera, 
we reconstructed a pH increase of ~0.6 pH 
units in the deep ocean over the course of the 
Cenozoic (Fig. 2C), corresponding to a sub- 
stantial decrease in atmospheric CO, concen- 
tration [Fig. 2B (24, 25)]. Although evidence 
for a pH effect on 3580, has not yet been de- 
termined experimentally (7), the theoretical 
effect of 1.42%o per pH unit (26), as observed 
in planktic foraminifera (27), would bias 
early Cenozoic 5'80,-based temperatures by 
~4°C. A pH influence on Ay, if present, would 
bias those temperatures in the same direction, 
but the effect should be approximately four 
times smaller than for 8'°0,-derived temper- 
atures (28, 29), and has so far not been ob- 
served in the typical oceanic pH range (30). 
Although we cannot conclusively demonstrate 
a pH effect on benthic 8'°O,, it is intriguing 
that correcting &'°O, for the overall Cenozoic 
trend in deep ocean pH, assuming the same 
effect as in planktic species (Fig. 2D, light 
green symbols), brings the calculated Oy 
into closer agreement with previous estimates 
based on sea-level reconstructions (6): The 
average 5'°Osw for >45 Ma becomes -0.72%o 
versus 0.04%o without pH correction (Fig. 2D). 
This improved agreement points to a pH effect 
being a likely explanation for the long-term 
disagreement between 8'%0,- and Ay7based 
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temperatures. Renewed efforts should focus 
on investigating pH effects on 8'°0 and Ag7 in 
benthic foraminifera to test this hypothesis. 
Superimposed on the general trend in A, 
temperatures, some intervals, such as the late 
Eocene and especially the late Paleocene to 
early Eocene, stand out with substantial tem- 
perature variability that is not apparent to the 
same extent in our &'%O, data or the global 
5'°O, record (Fig. 1 A and B). Although the 
late Eocene variability currently hinges on one 
anomalously cold data point at ~35.6 Ma, 
which could correspond to a previously re- 
ported late Eocene cooling event in the North 
Atlantic and elsewhere (37), the temperature 
variations in the late Paleocene to early Eocene 
appear to be of longer duration and are better 
constrained. There, we observe multi-million- 
year-long temperature swings with a first warm- 
ing of ~4°C between 58 and 57 Ma, followed by 
cooling of ~4°C between 57 and 54 Ma, further 
~3°C cooling between 54 and 53 Ma, and a 
second, major warming of 7° to 8°C at 52 Ma (Fig. 
1 and fig. S4). Distinct cold spells around 55 Ma 
have previously been reported for the North 
Atlantic region (32), and the Ay, temperatures from 
(18) show that these extended to the deep South 
Atlantic (Fig. 1A, pink stars and blue triangle). 
The early Eocene is characterized by strong 
orbital-scale climate variability depicted by var- 
iations in 8'°O), (2) of up to 1%o (4° to 5°C 
using traditional assumptions), which, in prin- 
ciple, could have been aliased by our lower- 
resolution A,, sampling. However, the 880, 
data that we obtained with the A4, measure- 
ments do not show anything resembling the 
scale of variability suggested by A47. This dis- 
crepancy between A,, and 870, is reflected in 
the substantial temporal variability in calcu- 
lated 8'°O,,,. Given the large variations in at- 
mospheric CO, of up to 1000 ppm during the 
early Eocene [Fig. 2B (25)], it is likely that deep 
ocean pH changed more frequently and sub- 
stantially over this interval than our 5”B re- 
cord shows. Such changes in pH could dampen 
any high-amplitude temperature variance re- 
corded in 5'80,,. However, pH-induced damp- 
ening can likely not explain the full scale of the 
difference between &'%O, and A47, because 
such short-lived pH changes would have to 
have been of similar or larger magnitude as the 
increase observed over the whole Cenozoic era. 
Changes in crustal exchange and ice volume are 
similarly unlikely causes for these comparatively 
rapid fluctuations in 5 305y under peak green- 
house warmth. Instead, the early Paleogene 
5'°0,,, Signal is best explained by changes in 
deep ocean salinity, with colder temperatures 
between 54 and 52 Ma accompanied by fresher 
deep water (ow 8 8Oqy) and peak temperatures 
at 52 to 49 Ma and 57 to 60 Ma associated with 
high 8'°O,,, values, implying saltier deep water. 
Tectonic activity and seafloor spreading in the 
northern North Atlantic intensified at ~57 Ma, 


diminished at 52 Ma, and intensified again at 
48 Ma (33), which may have modified Arctic- 
North Atlantic oceanic connections, with poten- 
tially major effects on Atlantic Ocean circulation. 
The transitions to colder and fresher deep water 
sometime between 57 and 54 Ma and back to 
warm Salty deep water at 52 Ma also roughly 
coincide with a marked increase and subse- 
quent decrease in 8G, (Fig. 1C) that may re- 
flect changes in ocean circulation. Early Eocene 
changes in ocean circulation are also indicated 
by nitrogen and sulfur isotope records [fig. S7 
(34, 35)], suggesting shifts from low-latitude 
warm, oxygen-poor intermediate, deepwater 
mass sources to high-latitude, colder, oxygen- 
rich sources. These latter biogeochemical tracers 
suggest stepwise changes rather than the tran- 
sient temperature swings revealed by A4;, pos- 
sibly because they reflect intermediate rather 
than deepwater masses and/or changes in 
other ocean basins that might differ from those 
in the deep Atlantic. Regardless, multiple lines of 
evidence indicate large-scale reorganizations 
in water mass structure in the Atlantic, and pos- 
sibly the global ocean, during the early Paleogene. 
The observed switches between warm and 
cold deepwater masses with inferred accom- 
panying changes in salinity imply the need to 
reassess the interpretation of 8'“O, records. 
Temperature and salinity are the key determi- 
nants of seawater density; given that both in- 
fluence 8'°O,, 8'°O, has previously been invoked 
as an integrated proxy for seawater density 
(36) rather than for either of the underlying 
parameters in isolation. Calculating density 
from 8'°0, is, however, complicated by large 
variations in the relationship between 5'°O,,, 
and salinity (36). Nonetheless, at any given 
depth in the deep ocean, density is likely more 
stable than temperature or salinity alone, 
which could explain why 3580, does not record 
the temperature swings that we observed with 
A47. During the early Eocene, latitudinal tem- 
perature gradients were reduced [e.g., (8)], 
salinity gradients were enhanced because of 
a stronger hydrological cycle (37), and shallow 
tropical seas were more widespread. Under 
these conditions, saline water masses originat- 
ing at low to mid latitudes could have been 
more prevalent at times. Density differences 
may have been small enough to allow for the 
coexistence of, and switches between, water 
masses of very different temperatures and/ 
or salinities, as has been proposed for the 
Paleocene-Eocene Thermal Maximum [e.g., 
(38)]. On time scales shorter than possible 
variations in the global ocean water isotope 
budget, the overall isotope budget must stay 
balanced, calling for freshening in other parts 
of the ocean during times when the deep Atlantic 
Ocean was filled with saltier water. Our data 
suggest that the early Eocene greenhouse was 
characterized by a more dynamic deep water 
mass structure than was previously thought. 
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The strong temperature variations that we 
observed in the deep Atlantic during the early 
Eocene are not reflected in the contempora- 
neous sea surface temperature records availa- 
ble (fig. S5). Although there is a geographic 
scarcity of records and a potential for large 
geographic differences in sea surface temper- 
atures (39), at face value, this discrepancy be- 
tween deep ocean and sea surface temperatures 
lends support to changes in the structure of 
deep water masses being the main cause of 
the strong deep ocean temperature variations 
rather than wholesale swings in global mean tem- 
perature. However, the pronounced warming 
at 52 Ma coincides with a marked increase in 
reconstructed atmospheric CO, [Fig. 2B (24, 25)], 
calling for increased focus on detailed temper- 
ature reconstructions from both the surface and 
deep ocean across this important time interval. 

Whereas our data confirm the first-order 
Cenozoic cooling trend in the deep ocean, they 
also imply that our canonical views on the 
relationship of 5'°O, with ice volume and tem- 
perature do not hold true through the Ceno- 
zoic, implying that 5'°0,, should not be used as 
a direct temperature proxy without further 
constraints. If our warmer deep ocean temper- 
atures turn out to be representative of a large 
fraction of the global ocean, then this would 
lead to a higher climate sensitivity to atmo- 
spheric CO, during Cenozoic greenhouse cli- 
mates (5, 18, 25) compared with previous 
3'50,-based estimates. Our finding of major 
variations in deep ocean temperature during 
the early Eocene that are not apparent in 580, 
points to additional, non-ice volume-related 
changes in the oxygen isotope composition 
of seawater potentially in combination with 
changes in deep ocean pH masking the tem- 
perature effect in 5'°O,. Together, these con- 
straints on deep ocean properties emerging 
from the application of clumped isotope ther- 
mometry offer the opportunity to investigate, 
not only overall greenhouse climate states, but 
also climate (in)stability under such warmer- 
than-modern boundary conditions. 
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NATURAL HAZARDS 


Global fast-traveling tsunamis driven by atmospheric 
Lamb waves on the 2022 Tonga eruption 


Tatsuya Kubota’, Tatsuhiko Saito’, Kiwamu Nishida” 


On 15 January 2022, the Hunga Tonga-Hunga Ha‘apai volcano erupted, producing tsunamis 
worldwide including first waves which arrived more than 2 hours earlier than what is expected for 
conventional tsunamis. We investigated the generation and propagation mechanisms of the 
tsunami “forerunner,” and our simulation found that fast-moving atmospheric Lamb waves drove 
the leading sea height rise whereas the scattering of the leading waves related to bathymetric 
variations in the Pacific Ocean produced subsequent long-lasting tsunamis. Tsunamis arriving later 
than the conventionally expected travel time are composed of various waves generated from both 
moving and static sources, which makes the tsunami, due to this eruption, much more complex and 
longer-lasting than ordinary earthquake-induced tsunamis. 


n 15 January, 2022 (universal time coor- 

dinated), a massive volcanic eruption 

occurred on a small, uninhabited island 

in the South Pacific, Hunga Tonga-Hunga 

Ha‘apai (black triangle in Fig. 1A) (J). 
This submarine volcano stretches 20 km across 
and is topped by a submarine caldera 5 km 
in diameter with minor above-water caldera 
lips (2). Satellite-based observations revealed 
that the volcanic plume reached as high as 
58 km into the mesosphere (3) and that the 
change in the island's topography was so sub- 
stantial that most of the land disappeared (2). 
Atmospheric pressure increases with amplitudes 
of ~2 hectopascal (hPa) propagated globally, 
as observed by the world barograph network 
(Fig. 1B). Satellite-based observations have 
captured the global atmospheric wave prop- 
agation (4, 5). The initial waves propagating 
at a velocity of ~300 m/s are Lamb waves, which 
are atmospheric boundary waves propagating 
along Earth’s surface at the speed of sound (6-8) 
(fig. S1). Similar global Lamb wave propaga- 
tion has also been recorded during past large 
volcanic eruptions (9-11). 

Global coastal tide gauges recorded the tsu- 
namis associated with this eruption (4) (fig. $2), 
but they arrived more than 2 hours earlier than 
the theoretically predicted tsunami travel time 
from the volcano, Tisun (green contour lines 
in Fig. 1A) (5). Globally distributed ocean bot- 
tom pressure gauges also recorded these fast- 
traveling tsunamis, with amplitudes of ~3 
to 4 hPa at the time corresponding to the 
Lamb wave arrivals, as well as the subsequent 
tsunami waves (Fig. 1C). Compared with past 
major earthquake-induced tsunamis, the ocean 
bottom pressure changes resulting from this 
eruption lasted much longer (fig. S3). We in- 
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vestigated the generation mechanism of these 
enigmatic global forerunning and long-lasting 
tsunamis related to the atmospheric waves 
radiated by the eruption. 

We studied how a tsunami generated by 
Lamb waves might propagate across the globe 
(8). Assuming a Lamb wave at a propagation 
velocity of Vo = 300 m/s (Fig. 1B), we first 
conducted a two-dimensional global propa- 
gation simulation of atmospheric acoustic 
gravity waves (Fig. 2A), which include Lamb 
waves and gravity waves (fig. SI). We then sim- 
ulated the generation and propagation of ocean 
waves driven by a moving pressure distur- 
bance (72, 13) using global bathymetry data 
(14). We finally calculated the ocean bottom 
pressure changes (pj,) as the sum of the atmo- 
spheric pressure (Datm) and the sea surface 
height changes n (Peta = Pwo, Pw. Seawater 
density; go, gravity acceleration, 9.8 m/s”): 
Ppot = Patm + Peta (13, 15). 

We compared the observed and simulated 
waveforms of the barographs and ocean bot- 
tom pressure gauges (Fig. 2 and fig. S4). These 
waveforms coincided well with each other 
around Lamb wave arrivals. After some addi- 
tional simulations assuming various Vo values, 
we found that the observed tsunamis were re- 
produced with velocities of Vo = 280 to 320 m/s 
(fig. S5). 

We show the global propagation of atmo- 
spheric pressure changes in movie S1 and Fig. 3, 
which simulates the Lamb waves and fast- 
traveling tsunami. In association with the 
propagation of the ~2 hPa atmospheric pres- 
sure increase (Fig. 3A), we can confirm the 
propagation of the leading sea surface uplift 
(red arrows in Fig. 3B), which is interpreted 
as waves forcibly excited by Lamb waves. We 
also found that ~4 hPa forerunning ocean 
bottom pressure increased corresponding to 
the Lamb wave pulse (Fig. 3C). The relative 
amplitude ratio between the atmospheric and 
ocean bottom pressures was consistent with 
global observations (Fig. 1). It should be noted 


that this wave was not generated by a resonant 
mechanism between tsunamis and atmo- 
spheric waves (16) because the sea surface 
height did not increase with an increase in 
travel distance. Upon careful inspection of some 
regions such as the Hawaiian Islands, the South 
Pacific Islands, and the Mariana Trench, it is 
noted that scattered tsunamis are generated 
by these islands and associated steep bathy- 
metry changes, designating them as secondary 
sources (black arrows in Fig. 3B). A simulation 
assuming an ocean with a constant water 
depth—which did not excite these secondary 
waves—confirmed that the bathymetry-related 
wave scattering was the cause of the tsunamis 
following the leading wave (figs. S6 and S7). 
Wave excitations related to regional-scale bathy- 
metric features such as continental shelves 
or slopes (72, 17, 18) should also contribute to 
these waves. 

After the passage of the Lamb-wave pulse 
and the scattering-originated tsunamis, we 
can also confirm the propagation of the sea 
surface depression (blue arrows in Fig. 3B), in 
which its wavefront spreads at the theoret- 
ically predicted tsunami velocity Co = (olto)°” 
(Zo, gravity acceleration; ho, seawater depth). 
This wave was expected to be a result of water 
volume conservation (15, 16) (fig. S8 and movie 
$2). The sea surface uplift forcibly caused by 
the Lamb waves propagates at a velocity of 
Vo, which is accompanied by sea surface sub- 
sidence at the source to conserve the total water 
volume. The subsided sea surface displace- 
ment then, as a result of gravity, propagates 
as tsunamis at velocity co. This subsidence 
wave is one of the factors contributing to tsu- 
namis appearing after the theoretical tsunami 
arrival, Tisun (component 2a in Fig. 4). 

Tsunamis generated around the volcano 
source region by seafloor crustal deformation 
resulting from eruptions and caldera collapses 
along with other mechanisms such as flank 
failures, sector collapses, and pyroclastic flows 
(19-23) can also contribute to tsunamis after 
Tsun (Component 2c), although these contri- 
butions were not considered in our simula- 
tion. Another important factor in tsunamis 
appearing after Ti;un is the waves caused by 
atmospheric waves propagating at a velocity 
close to that of the tsunamis (Vo ~¢o, compo- 
nent 2b). Volcanic eruptions excite various 
atmospheric waves other than Lamb waves 
(11), some of which are referred to as atmo- 
spheric gravity wave modes (fig. SI). Some 
gravity wave modes have a velocity close to 
that of a tsunami generated by almost any 
given part of the Pacific Ocean (cy) ~200 to 
220 m/s, ho ~4 to 5 km) (24, 25). This results 
in resonance of the waves (16, 24-27), in which 
the atmosphere continuously supplies the 
wave energy to the ocean, causing the tsunami 
height to increase with the increase in travel 
distance. All the waves excited by the mechanisms 
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Fig. 1. Location map and observation dataset. (A) Location map. The 
black triangle denotes the Hunga Tonga-Hunga Ha'apai volcano. Red circles 
denote the barographs. Blue inverted triangles are the ocean bottom 
pressure gauges. Green contour lines are the theoretical tsunami travel 
time, Ttsun. (B) Observed barograms. (C) Observed ocean bottom pressure 


of components 2a, 2b, and 2c in Fig. 4 propagate 
at a velocity of cp as tsunamis. 

To appropriately reproduce the entirety 
of the observed tsunami waveforms and to 
quantitatively reveal the entire process of 
this volcanic eruption and subsequent tsu- 
nami generation, it is essential to consider all 
the contributing factors (components 1, 2a, 
2b, and 2c in Fig. 4). Component 2a can be 
reproduced by the conventional tsunami 
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simulation framework because this component 
propagates at the tsunami velocity cp and the 
source can be regarded as static. Component 
2c can also be essentially reproduced by the 
conventional simulation, although the details 
of the tsunami source excited at the volcano 
have not currently been clarified and more 
observations and investigations such as field 
surveys are needed. Even if the amplitudes 
of the gravity waves are much smaller than 
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gauge waveforms. The angular distances between the source and stations 

(A) and the azimuth from the source to the station (@) are also shown. A 
bandpass filter with a passband of 1800 to 7200s was applied. The theoretical 
travel times of the Lamb wave (A/Vo, black bars) and tsunami (green bars) 


those of the Lamb waves, the contribution 
resulting from gravity waves (component 2b) 
may be important because of the resonant coupl- 
ing. To correctly reproduce this component we 
need to consider various factors such as the 
source process of the acoustic gravity wave 
radiation (JO) and appropriate modeling of 
the propagation processes including nonlinear 
effects such as advection related to the jet 
stream at stratospheric heights (7, 28, 29). All 
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Fig. 2. Comparisons between the observed and simulated waveforms. (A) Comparison for the barograph waveforms. (B) Comparison for the ocean bottom 
pressure waveforms. Gray and red traces are the observed and simulated waveforms. The waveform traces are aligned on the basis of the angular distance from the 
source. The theoretical travel times of the tsunami (green bars) are also shown. 
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Fig. 3. Snapshots of the generation and propagation of tsunamis. (A) Snapshots of the atmospheric pressure change. (B) Snapshots of the sea surface height change. 


Distinct wave signals are marked by arrows. (C) Snapsh 


of these factors should be simulated in future 
studies. 

If the ocean depth is constant, the ampli- 
tudes of components 2a and 2c decay with 
the propagation distance in proportion to pv? 
(7, propagation distance; figs. S9 and S10). By 
contrast, in component 2b the wave amplitude 
increases at a rate proportional to 7”” when 


the resonance occurs between the ocean wave 
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and moving source (figs. S9 and S10), indicat- 
ing that the contribution of the atmospheric 
gravity waves (component 2b) can be larger 
than that of others after propagating a certain 
distance. These may appear in the tide gauge 
records at some locations such as the South 
American coast (fig. S2). The gravity wave 
modes can contribute to the long durations 


of the observed waves (fig. S3). However, es- 


ots of the ocean bottom pressure change. An animation of the simulation is available in (8) (movie S1). 


timating the contribution of components 2a, 
2b, and 2c quantitatively is challenging be- 
cause these components overlap in the actual 
records and it is difficult to decompose each 
contribution. 

The characteristics of tsunamis generated 
by volcanic eruptions, as studied here, render 
global tsunami warnings more challenging 
than earthquake-induced tsunamis (30, 31). 
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Tonga eruption event. 


(1) Forcibly-displaced wave by Lamb wave (Vo) 


(2) Ocean gravity waves (cy ~(ggh)”°) 


(2a) Subsidence wave, which compensates uplift by Lamb wave 


(2b) Waves displaced by atmospheric gravity wave modes 


with resonance effect 


(2c) Waves by crustal deformation around the volcano 


The first challenge is the warning of a tsu- 
nami forerunner produced by forced oscil- 
lation of Lamb waves. Because the pressure 
change at the ocean bottom caused by this 
leading wave is a superposition of the pres- 
sure changes caused by the Lamb wave and 
tsunamis, Ppot = Patm + Deta (13, 15), the ocean 
bottom pressure does not directly represent 
the tsunami height, whereas the contribu- 
tion of atmospheric pressure is not contained 
in the coastal tide gauges. This makes it dif- 
ficult to accurately calculate the tsunami height 
using global ocean bottom pressure gauges. 
We must consider the increase of bottom pres- 
sure changes resulting from the effects of the 
atmospheric pressure to conduct a precise 
forecast of the global tsunami forerunners. 
Another critical issue for tsunami warnings 
is the excitement of tsunamis by atmospheric 
gravity waves. The atmospheric gravity waves 
radiated by the eruption amplify the tsunamis 
with an increase in propagation distance. 
Even if the amplitudes of the gravity waves 
are weak, tsunamis are continuously ampli- 
fied throughout the propagation, which will 
enlarge the wave amplitude at a greater dis- 
tance than that of the near-source region. 
Continuous energy supply from the atmo- 
sphere will also increase tsunami duration, up 
to three days or more, which is much longer 
than that of ordinary earthquake-induced 
tsunamis (fig. $3). Several factors control the 
amplitudes of these global tsunamis, as 
shown in Fig. 4. However, the most decisive 
factor in global tsunami size and duration 
should be how much gravity wave modes 
with a velocity close to that of tsunamis are 
excited by the eruption. To precisely forecast 
long-lasting, resonant-induced tsunamis, we 
need to accurately model the generation and 
propagation of gravity wave modes. In the 
aftermath of disastrous tsunamigenic earth- 
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quakes such as those in Sumatra (2004) and 
Tohoku (2011), we developed global-scale 
evaluations of tsunami risks and hazards. Our 
analyses of the 2022 Tonga tsunami shed 
light on the value of different global tsunami 
risk evaluations from volcanic eruptions as 
well as the importance of establishing an un- 
derstanding of global tsunamis (32). 
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The 15 January 2022 climactic eruption of Hunga volcano, Tonga, produced an explosion in the 
atmosphere of a size that has not been documented in the modern geophysical record. The event 
generated a broad range of atmospheric waves observed globally by various ground-based and 
spaceborne instrumentation networks. Most prominent was the surface-guided Lamb wave (<0.01 hertz), 
which we observed propagating for four (plus three antipodal) passages around Earth over 6 days. 

As measured by the Lamb wave amplitudes, the climactic Hunga explosion was comparable in size to 
that of the 1883 Krakatau eruption. The Hunga eruption produced remarkable globally detected infrasound 
(0.01 to 20 hertz), long-range (~10,000 kilometers) audible sound, and ionospheric perturbations. 
Seismometers worldwide recorded pure seismic and air-to-ground coupled waves. Air-to-sea coupling likely 
contributed to fast-arriving tsunamis. Here, we highlight exceptional observations of the atmospheric waves. 


he 15 January 2022 eruption of Hunga 
volcano (J), Tonga, was an unusually 
energetic explosive event. This climac- 
tic eruption (the largest eruption of an 
episode) began just after ~04:00 UTC 
(~17:00 local time) from a submerged vent and 
delivered volcanic tephra and gas primarily 
into the stratosphere. An umbrella cloud de- 
veloped at ~30 km above sea level, with a much 
higher central transient overshoot. Hunga is a 


largely submerged massif located ~65 km to 
the north-northwest of Tongatapu, Kingdom 
of Tonga. Eruption episodes consisting of rel- 
atively low-energy Surtseyan activity in 2009 
and 2014-2015 had built a tephra cone that 
connected the established islands of Hunga 
Tonga and Hunga Ha’apai on the northwestern 
portion of the massif (2). Surtseyan eruptions 
transitioned into violent, impulsive eruptions 
starting on 19 December 2021 as part of the most 


recent episode. The climactic 15 January erup- 
tion produced a broad range of atmospheric 
waves observed globally by numerous ground- 
based and spaceborne instrumentation systems, 
including atmospheric pressure sensors, seis- 
mometers, hydrophones, Global Navigation 
Satellite System (GNSS) receivers, and weather 
satellites (Fig. 1A) (3). Here, we highlight ex- 
ceptional multi-technology observations of this 
extraordinary event in the modern digital rec- 
ord and provide initial interpretations of the 
atmospheric wave types generated and their 
propagation around the globe. 

The onset of the most recent eruptive epi- 
sode was characterized remotely by seismicity 
and co-eruptive infrasound on 19 December 2021, 
preceded by seismic activity on 18 December 2021 
(16:49:46 UTC; body-wave magnitude: 4.0) 
(Fig. 1B) (3). Eruptive activity continued until 
4 January 2022, with decreasing infrasonic 
amplitudes at International Monitoring System 
(IMS) infrasound station IS22 (1848 km range) 
and intermittent detections by IMS hydro- 
acoustic stations. Powerful eruptive infra- 
sound activity resumed on 13 January 2022, 
with amplitudes ~10 times that of the December 
activity. Infrasound continued on 14 January, 
accompanied by seismic tremor (3) (fig. S2, A 
and B); infrasound amplitudes subsequently 
decreased, while the number of hydroacoustic 
T-phase detections increased. After brief rela- 
tive quiescence, at least four IMS hydroacoustic 
(fig. S3), all 53 IMS infrasound, and numerous 
seismic stations detected the main climactic 
eruption on 15 January 2022 [04:14:45 UTC; 
moment magnitude (M,,): 5.7 to 5.8; table S1]. 
Regional infrasound, barometer, and volcanic 
plume observations suggest a complex erup- 
tion sequence occurring between 04:00 and 
~04:30, not just a single onset or explosion 
(Figs. 1A, 2E, and 3A). A final major eruption 
at ~08:31 UTC on 15 January was detected by 
at least 20 IMS infrasound and two IMS 
hydroacoustic stations, after which the vol- 
canic activity decreased. 

Atmospheric waves (4) are propagating me- 
chanical perturbations in the atmospheric 
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fluid. Nonlinearities in the propagation cause 
the spectrum to evolve (i.e., energy cascading) 
and may result in shock-wave formation and 
period lengthening. Gravity waves are dis- 
turbances to the balance between buoyancy 
and gravity [frequency (f) < 3 mHz]; acoustic 
waves manifest as propagating compressions 
and rarefactions (f = 4 mHz). These different 
physical mechanisms lead to different prop- 
agation speeds. Acoustic-gravity waves (AGWs) 
are waves exhibiting both buoyant and com- 
pressional motion (5), typically with millihertz 
frequencies and long wavelengths (tens of 
kilometers) relative to density stratification 
scale heights (fig. S4). Lamb waves (6) are 
AGWSs propagating along Earth’s surface, with 
group velocities near the mean sound speed of 
the lower atmosphere [~310 m/s for a 16-km 
scale height above Earth’s surface (7)]. Lamb 
waves are associated with the largest atmo- 
spheric explosions from volcanic eruptions (8) 
and nuclear tests (9) and have periods on the 
order of several to hundreds of minutes. Audi- 
ble sound refers to higher-frequency acoustic 
waves that can be heard by humans. Infra- 
sound (J0) refers to acoustic waves below 
the standard audio range. The crossover be- 
tween audible and infrasound is often given 
as 20 Hz. 

Of the atmospheric waves produced by the 
climactic Hunga explosion, the most prominent 
is the Lamb wave (f < 0.01 Hz), which pro- 
pagates efficiently and is detected globally by 


A Hunga volcano 


Ic: ti E 
@ Hunga volcano antipode rf we 


numerous ground-based and spaceborne geo- 
physical instrumentation systems (Fig. 1A, fig. 
S5, and movies S1 to S6). Despite the Lamb 
wave’s large amplitude, its waveform pressure 
increase as a function of time (rise time) is 
relatively slow and does not have characteristics 
of a shock wave. Over 6 days, we observed global 
propagation of at least four minor-arc Lamb wave 
passages (Al, A3, A5, and A7) and three (A2, 
A4, and A6) major-arc (antipodal) passages 
(Figs. 1A, inset, and 2, A and B, and fig. S6A). 

The number of Lamb wave passages ob- 
served for Hunga (four, plus three antipodal) 
is approximately the same as observed for the 
1883 Krakatau eruption (JI, 12) (Fig. 2A). The ex- 
ceptional spatiotemporal resolution of the 
evolving wavefield from 2022 Hunga, in com- 
parison with 1883 Krakatau, is a consequence 
of more than a century of advances in instru- 
mentation technology and global sensor density 
(Fig. 1A). Measurements of Lamb wave peak- 
to-peak pressure amplitudes as a function of 
distance indicate that the atmospheric pres- 
sure pulse generated by the Hunga event is 
comparable to that of the 1883 Krakatau erup- 
tion (72) (Fig. 2F and fig. S8). However, the 
duration of the Krakatau Lamb pulse was 
~30% longer than that of Hunga at compara- 
ble stations (Fig. 2A). Peak-to-peak pressure 
amplitudes from Hunga generally decreased 
logarithmically from 1473 Pa (756 km) with 
increasing distance (range) from the source 
(Fig. 2F and fig. S9). We infer that the notable 
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scatter in amplitudes at distances >7500 km is 
related to winds and wavefront focusing around 
the spherical Earth (3) and to a potentially aniso- 
tropic source. The Hunga signal amplitudes 
are more than an order of magnitude larger than 
those generated by the 1980 Mount St. Helens 
eruption (73). 

Equivalent explosive yields for large volcanic 
eruptions have previously been estimated using 
pressure recordings, but quantitative compar- 
isons with nonvolcanic sources are problematic. 
During the atmospheric nuclear testing era of 
the 1950s and 1960s, theoretical and empirical 
relationships were generated relating AGW 
amplitudes and periods to explosive yield 
(14, 15). We find that such relationships are 
inapplicable to the signals generated by Hunga, 
as they result in unphysically large equivalent 
yields (3) (fig. S1IOA). This difference is presum- 
ably because, for a given energy release, the 
long-duration climactic eruption excites longer- 
period pressure disturbances than the near- 
instantaneous nuclear reaction (fig. S10B). 
Hunga signals have peak-to-peak pressures 
comparable to those produced by the largest 
historical atmospheric nuclear test (58 megatons, 
USSR, 1961) (J6), but the dominant eruption 
signal periods (1700 to 2500 s) are approxi- 
mately four times longer than those of the 
anthropogenic explosion (400 to 700 s) (7). 

The Hunga eruption pressure waves have 
complex waveform and spectral characteristics, 
likely related to both source and propagation. 


Fig. 1. Global distribution of recording 
geophysical sensors used in this study and 
remotely observed eruption chronology. 

(A) Sensor map. Background image is brightness 
temperature difference (Himawari-8) at 
07:10 UTC on 15 January 2022. Selected 4-hour 
pressure waveforms are filtered from 10,000 to 
100 s. Upper-right inset shows Hunga wave paths 
around Earth. (B) Hunga activity, December 2021 
through January 2022, observed at IMS hydro- 
phone, seismic, and infrasound stations 

(REB, Reviewed Event Bulletin); Hunga 
detections from nearest IMS infrasound array 
IS22 (1848 km). Frequency responses for 
atmospheric pressure sensors used in this study 
are displayed in fig. S1. 
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Fig. 2. Ground-based observations. 
(A) Lamb wave arrival times for Z 
2022 Hunga eruption (black) compared z 
with 1883 Krakatau eruption (blue). : ‘0000 
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The Lamb wave is the largest-amplitude pres- 
sure wave arrival (Fig. 2B) (3). Near Hunga, the 
Lamb wave consists of at least two pulses and 
begins with a 7- to 10-min pressure increase, 
followed by a second larger compression and 
subsequent long rarefaction phase (Figs. 1A 
and 2). This sequence is different from a single 
bipolar pulse typical of large anthropogenic 
explosions (J8). The shallow-submarine vol- 
canic source presumably contributes to this 
waveform complexity (19). The Lamb wave 
period ranges from 0.3 to 10 mHz (3300 to 
100 s), and the group velocity is ~315 m/s 
(3, 20) (fig. S11). Each subsequent antipodal 
passage produces an observed 90° phase shift 
in the Lamb wave (2D) (fig. S12). This 90° phase 
shift is expected given the comparison of the 
asymptotic forms of the equation for a traveling 
wave on the surface of a sphere from before the 
antipodal crossing to that from after crossing 
(21, 22). The Lamb wave is composed of several 
AGW modes, and the Hunga signals show dis- 
tinct dispersion at higher frequencies (fig. S13), 
which was similarly noted for other large AGW 
signals (20). Some barometer observations also 
show the arrival of a lower-velocity gravity wave 
(figs. S11 and S14). 

The climactic Hunga eruption also produced 
remarkable long-range infrasound (f ~ 0.01 to 
20 Hz), clearly detected at most IMS infrasound 
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arrays (fig. S15) and at numerous regional arrays 
and networks (3) (table S4 and figs. S16 to S21). 
Infrasound signals arrive after the Lamb wave; 
at most stations, the Lamb wave dominates 
below ~0.01 Hz, followed by broadband infra- 
sound (Fig. 3). The IMS infrasound network 
recorded at least two direct and two antipodal 
infrasonic wave arrivals from the main explo- 
sive event. At most of the infrasound stations, 
array processing indicates direct infrasonic 
arrivals for ~2 hours, with group velocities 
between 250 and 290 m/s (3) (fig. S15). Infra- 
sound amplitudes after the first Lamb wave 
arrival Al are on the order of several pascals 
and are observed to decrease with each global 
wave passage (Fig. 2F). Complex waveform 
interference effects are observed for stations 
near the source and the antipode, where the 
wavetrains of successive arrivals overlap (3). 
Prominent time evolution in signal back- 
azimuth and apparent velocity is observed at 
many infrasound arrays, especially at stations 
for which the propagation path crosses the 
circumpolar vortex (3) (fig. S22). 

Accounts of audible sound (f > 20 Hz) were 
reported across Alaska as far as 10,000 km from 
Hunga [compared with ~4800 km for the 1883 
Krakatau eruption (72)] and are verified by 
~30-min-duration signals on higher-sample- 
rate low-frequency microphone stations (Fig. 
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3E). The audio signals arrive after the Lamb 
wave and at the end of the infrasound wave- 
train and consist of short-duration impulsive 
signals consistent with repeated “booms” re- 
ported by observers. Linear propagation and 
attenuation models cannot explain the high- 
frequency infrasound and audible sound at 
these extreme ranges, implying nonlinearity 
in generating the higher frequencies along the 
propagation path (3, 73). Evidence of non- 
linearity in Fig. 3E is twofold. First, the high- 
frequency spectral slope during the “peak” 
time window approximates that of an ideal 
shock wave in its old-age (3) (but still nonlinear) 
decay: f°, followed by a faster exponential roll- 
off at frequencies where atmospheric absorption 
dominates nonlinearity. Second, the impulsive 
events, when separated from the lower-frequency, 
higher-amplitude infrasound portion by filtering 
(from 10 to 40 Hz), have coarsely sampled N- 
wave shapes reminiscent of explosions or sonic 
booms. Substantial increases in global popula- 
tion and advances in societal connectivity (e.g., 
internet versus telegraph) presumably contrib- 
ute to the enhanced reports of audibility at 
distances greater than those historically docu- 
mented for Krakatau and other large events. 
Owing to its extraordinary amplitude, the 
Lamb wave produced coupled signals at multi- 
technology stations (Fig. 2E) (3). For example, 
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in the Mediterranean, the Lamb wave produced 
signals on hydrophones at ~50 m water depth 
near Stromboli volcano, 17,740 km from Hunga 
(3) (fig. S1’7B). 

Seismometers worldwide recorded ground 
motions associated with both pure seismic 
waves (figs. S2 and $23) and air-to-ground 
coupled atmospheric waves (Fig. 3 and figs. S24 
and S6B). We associate the most prominent 
seismic (P, S, and Rayleigh waves) and atmo- 
spheric arrivals (Fig. 2) with the main eruption 
at 04:14:45 UTC, which had a reported My, 
of between 5.7 and 5.8. Our observations of 
multiple overlapping seismic phases (Fig. 2D) 
suggest a longer-duration source process, with 
at least two discrete events and multiple phases. 
Additionally, seismic ground motions glob- 
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ally exhibit a marked spectral peak at 3.7 mHz 
(Fig. 3D). We interpret this peak as Rayleigh- 
wave propagation (corresponding to Earth nor- 
mal mode S99) resulting from the coupling of 
fundamental acoustic mode oscillations of the 
atmosphere near the volcanic source into the 
solid Earth (3) (fig. S25). This solid Earth mode 
was also excited during the 1991 eruption of 
Mount Pinatubo (23); however, the seismic 
oscillations generated by the climactic 2022 
Hunga eruption are more than an order of 
magnitude larger (3). 

Numerous additional Earth observation sys- 
tems recorded the atmospheric waves from 
the climactic eruption. Data from neutral 
atmospheric radio occultations (ROs), satellite- 
based radiometers, and dual-frequency GNSS 
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Fig. 3. Seismoacoustic spectral properties. Colocated wideband (A) pressure and (B) seismic 
spectrograms (top) and unfiltered waveforms (bottom). (© and D) Power spectral densities (PSD) and 
seismoacoustic coherences worldwide show that pressure waves couple to the solid Earth through both 

(i) direct conversion as the Lamb wave passes the station and (ii) near-source excitation of atmospheric 
acoustic modes. (E) Alaska infrasound stations recorded audio range signals at great distances, apparent in 
the spectra (top) and as intermittent transients with shock-like features (middle and bottom panels). 

(F) Observed wideband pressure spectral character of the Hunga eruption compared with published 
instrumental observations of previous events (table S3). 
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receivers, in conjunction with data from ground- 
based infrasound stations and a DART (Deep- 
ocean Assessment and Reporting of Tsunamis) 
buoy (1225 km), reveal strong seismo- and 
hydroatmospheric coupling in the aftermath 
of the eruption (Fig. 4). The Lamb wave ar- 
rival time at IS-II (station CTAO, 3997 km) 
is consistent with that obtained using bright- 
ness temperature differences measured by the 
Himawari-8 satellite (3) (fig. S5). At this time, 
an RO profile over Eastern Australia (RO-III, 
3781 km) clearly displays heightened gravity 
wave activity in the stratosphere. In the hours 
after the eruption, ROs in the vicinity of Hunga 
(RO-I, 366 km, and RO-II, 453 km) also reveal 
strong gravity wave activity in the stratosphere 
with temperature perturbations of +4 K, four 
times the typical background activity. 

The atmospheric waves also propagated to 
the ionosphere, where 1 Hz data recorded in 
real time by ground-based GNSS stations can 
be converted to ionospheric total electron con- 
tent (TEC). TEC data clearly demonstrate wave- 
like structures of unprecedented magnitude 
traveling between ~320 and 1000 m/s. TEC 
profiles (G-I and G-ID) collocated with infra- 
sound stations IS-I (station MSVF, 756 km) and 
IS-II show the arrival of the Lamb wave in the 
ionosphere ~24 min after it is recorded at the 
infrasound station (propagating at an apparent 
vertical velocity of ~312 m/s for an assumed 
ionospheric shell height of 450 km). As in the 
global barometer data (Fig. 2B), the Lamb 
wave was observed worldwide in TEC data. In 
addition, a DART buoy (B-D and a nearby TEC 
record (G-IID north of Hunga record tsunami- 
like waves generated by the atmospheric pulse 
[i.e., air-sea waves (8)], 1 hour before the ap- 
pearance of tsunami signatures of direct vol- 
canic origin (3) (fig. S26). 

Understanding these geophysical observa- 
tions from the Hunga eruption requires accu- 
rate propagation modeling. However, simulating 
atmospheric wave propagation is challenging 
here for multiple reasons. (i) The complexity 
of the highly energetic, shallow-submarine, 
and multiphase eruption is beyond existing 
capability for modeling the source and the 
subsequent repartition of energy among the 
different waves (3). (ii) The physical problem 
involves multiple scales. Indeed, observed 
atmospheric waves contain energy extending 
from the acoustic-gravity regime, including a 
strong Lamb wave, through the infrasonic 
range, and into audio frequencies (Fig. 3). 
(ii) Atmospheric wave propagation is strongly 
nonlinear, which leads to energy cascading 
into higher frequencies even far from the 
event. For such energetic events, wave prop- 
agation nonlinearities remain important far 
from the source. Considering (ii) and (iii) 
together, the challenge is due to the nonlinear 
energy cascading that couples these various 
regimes (acoustic-gravity, infrasound, audio) 
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and requires modeling methods that account 
for that coupling. (iv) Finally, substantial tem- 
poral and spatial variations of atmospheric 
conditions along propagation paths render a 
stratified atmospheric model inappropriate. 
Existing propagation algorithms [based, for 
instance, on the equations of fluid mechanics, 
the parabolic approximation of the wave equa- 
tion, normal-mode summation, or ray tracing 
(3)] are limited in their physics and computa- 
tional feasibility (fig. S27). Nevertheless, prelim- 
inary simulations (3) find notable departures 
of predicted propagation paths from great cir- 
cle paths (fig. S28 and movie $7), which leads 
to direction-of-arrival deviations qualitatively 
in agreement with observations (fig. S22 and 
table S5). 

The impacts of volcanic atmospheric waves 
are usually limited, but sometimes shock waves 
from strong volcanic explosions damage nearby 
infrastructure (24, 25). Atmospheric waves 
from the main Hunga eruption had far more 
extensive effects. Unusual sea level changes or 
tsunamis were observed in the Pacific earlier 
than predicted, as well as in the Caribbean and 
Mediterranean without direct ocean routes. 
We report observations of early sea level oscil- 
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lations in the Pacific (3). At coastal tide gauges, 
the tsunami onset time approximately coincides 
with the Lamb wave arrival (2 hPa pulse); the 
tsunami onset is unclear, but wave amplitudes 
gradually increase over 2 to 4 hours to >1 m in 
some locations. In contrast, deep-sea tsunami- 
meters record a clear leading 5 hPa pressure 
pulse, more than double that of the air-pressure 
pulse (3) (figs. S29 and S30). Air-sea coupling 
(8, 26) likely caused these exceptional observa- 
tions and should be considered in future sce- 
narios for tsunami early-warning systems. 
Geophysical records of the January 2022 
Hunga eruption represent an unparalleled 
global dataset of atmospheric wave generation 
and propagation, providing an opportunity for 
multi-technology observation, modeling, and 
validation that is unprecedented in the mod- 
ern record. The datasets highlighted here are 
not exhaustive; there is outstanding potential 
for augmenting details of the global wavefield 
capture by incorporating numerous additional 
interdisciplinary datasets, including citizen- 
science data (27, 28). The January 2022 Hunga 
eruption presents an extraordinary opportu- 
nity to advance understanding of rarely cap- 
tured physical phenomena, including global 


are shown in green for the Lamb wave arrival for 
links G-I and G-ll, and from 04:00 to 12:00 UTC 
for link G-Ill. (€) Infrasound (stations IS-I and 
IS-II) and TEC (GNSS links G-I and G-Il) wave- 
forms showing Lamb wave arrival; all signals 
high-pass filtered with 0.278 mHz (corresponding 
to l-hour period) cutoff. (D) RO-I and RO-II at 
06:50 UTC and 10:00 UTC showing strong 
coherent gravity wave activity several hours after 
the eruption; RO-IIl at 07:42 UTC also exhibits 
large gravity waves coincident with Himawari-8 
data (A). (E) Hodochron plot of TEC records 
showing long-distance ionospheric wave propa- 
gation after the eruption. Features | and II are the 
first arrivals with different apparent wave veloc- 
ities (551 to 1333 m/s) due to the near-field 
wavefront curvature. Feature Ill, identified more 
than 6000 km from the eruption, propagates 

at 478 m/s and is more likely linked to long- 
period gravity waves. (F) Buoy B-| data compared 
with TEC data from an adjacent GNSS link (G-III) 
showing efficient air-sea-air coupling across a 
broad frequency spectrum (3). 


Lamb wave propagation, atmospheric free- 
oscillations coupling with the solid Earth, 
nonlinear energy cascading in atmospheric 
wave propagation, excitation of infrasound 
and audible sound at global distances, air- 
sea waves, and many others. 
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Locking volatile organic molecules by subnanometer 
inorganic nanowire-based organogels 


Simin Zhang’, Wenxiong Shi?, Xun Wang!* 


The intermolecular forces among volatile organic molecules are usually weaker than water, making 
them more difficult to absorb. We prepared alkaline earth cations—bridged polyoxometalate 
nanoclusters subnanometer nanowires through a facile room-temperature reaction. The nanowires 
can form three-dimensional networks, trapping more than 10 kinds of volatile organic liquids 
effectively with the mass fraction of nanowires as low as 0.53%. A series of freestanding, elastic, 
and stable organogels were obtained. We prepared gels that encapsulate organic liquids at the 
kilogram scale. Through removing solvents in gels by means of distillation and centrifugation, the 
nanowires can be recycled more than 10 times. This method could be applied to the effective 


trapping and recovery of organic liquids. 


ater-based hydrogels can be easily pre- 
pared through the formation of hy- 
drogen bond networks between water 
molecules and gelators such as poly- 
mer chains and/or inorganic nano- 
structures (1-3). Compared with hydrogen 
bonds, the intermolecular forces among vola- 
tile organic molecules are usually weaker, 


Fig. 1. Morphologies of 
Ca-POM nanowires. 

(A and B) TEM images of 
nanowires. (C) Typical 
AFM topographic image of 
the nanowire and (D) the 
line profile along the dashed 
line. (E) AC-HAADF-STEM 
image of the nanowire. 

(F) STEM image and 

(G) corresponding EDS 
elemental mapping images 
of coiled nanowires. 

(H) MALDI-TOF-MS results 
of PTA and nanowires. 

(1) Geometry optimization 
of nanowires structure. 
The red, blue, orange, and 
yellow balls indicate O, 

W, P, and Ca, respectively. 
(J) The structural diagram 
of the nanowire. Purple 
balls indicate Ca**, red 
models indicate PW;2049>" 
nanoclusters, and yellow 
and blue chains represent 
oleylamine and protonated 
oleylamine, respectively. 
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hindering the semisolidification of volatile 
organic liquids and development of func- 
tional organogel materials. 

Subnanometer nanowires (4-7) can form 
three-dimensional (3D) networks and gels 
similar to polymers. We prepared alkaline 
earth metal cations-bridged polyoxometalate 
nanoclusters (AE-POM) subnanometer nano- 


wires through a facile room-temperature 
reaction [supplementary materials (SM), mate- 
rials and methods 1.2]. 

First, we prepared calcium-POM (Ca-POM) 
nanowires. We investigated morphologies of 
Ca-POM nanowires through transmission elec- 
tron microscopy (TEM), atomic-resolution 
aberration-corrected TEM (AC-TEM), atomic 
force microscopy (AFM), and small-angle x-ray 
diffraction (SXRD). The nanowires dispersed 
in octane with a length of several micrometers 
and were curved and entangled with each 
other (Fig. 1, A and B, and fig. S1). The diam- 
eter could be distinguished from AFM data, 
which was ~1 nm (Fig. 1, C and D), so the 
aspect ratio was as high as several thousands. 
The spacing distance between two nano- 
wires was calculated from the SXRD data as 
~3.78 nm (fig. S2). As shown in the atomic- 
resolution AC high-angle annular-dark field 


laboratory of Organic Optoelectronics and Molecular 
Engineering, Department of Chemistry, Tsinghua University, 
Beijing 100084, China. “Institute for New Energy Materials 
and Low Carbon Technologies, School of Materials Science 
and Engineering, Tianjin University of Technology, Tianjin 
300387, China. 
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Fig. 2. Ca-POM nanowire- 
organic liquids gels. (A) Photo- 
graph of the nanowires-octane 
gel. (Inset) The Tyndall effect 

of the gel. (B) TEM image and 

(C and D) STEM images of nano- 
wire networks. (E) Photographs 

of nanowire-organic liquids gels: 
(i) cyclohexane, (ii) hexane, 

(iii) toluene, (iv) 2,5-dimethyl-2,5- 
di-(tert-butylperoxy) hexane, 

(v) petrol, (vi) n-propyl ether, (vii) 1- 
dodecanethiol, and (viii) octadecene. 
(F) Photographs of a nanowire- 
octane gel frozen in liquid nitrogen 
and subsequently thawed. The gel 
was sealed in a tube and then placed 
in liquid nitrogen. (G) A nanowire- 
octane gel with a diameter of 

~26 cm and thickness of ~1.5 cm. 
(H) Photographs of oil spill recovery 
process with nanowires. The 
nanowire-petrol gel has a diameter 
of ~15 cm and thickness of ~2 cm. 
Scale bars, (A), (E), and (F) 1 cm; 
(G) 5 cm. 


scanning TEM (AC-HAADF-STEM) image (Fig. 
1E), the nanowire was mainly composed of 
nanoclusters. When ethanol was added into 
the dispersion of nanowires in octane, the 
nanowires coiled, and some nanorings formed 
(Fig. 1F and fig. S3), demonstrating their high 
flexibility. The composition of nanowires was 
investigated through x-ray photoelectron spec- 
troscopy (XPS) and energy dispersive x-ray spec- 
troscopy (EDS) elemental mapping. Ca-POM 
nanowires were mainly composed of Ca, tungs- 
ten (W), phosphorus (P), and oxygen (O) (fig. 
S4). The EDS mapping demonstrated that Ca, 
W, and P dispersed in nanowires uniformly 
(Fig. 1G). The structure of nanowires was fur- 
ther investigated through Fourier transform 
infrared (FTIR) spectroscopy and matrix- 
assisted laser desorption ionization time-of- 
flight mass spectrometry (MALDI-TOF-MS). 
As shown in fig. S5, the FTIR characteristic 
absorption peaks of phosphotungstic acid 
(PTA) also appeared in the FTIR spectrum 
of nanowires (8), suggesting that PW 010" 
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nanoclusters existed in nanowires. The ab- 
sorption peaks at 2850 and 2915 cm * belonged 
to oleylamine. We further used MALDI-TOF- 
MS to test PTA and nanowires, revealing the 
existence of PW,.0.49* in nanowires. Because 
PTA and Ca-POM nanowires were broken into 
PW,2039 fragments during the ionization pro- 
cess, the peak positions shifted to about 2860 
(Fig. 1H and fig. S6) (9). The pK, (-logl0K,, 
where K, is the acid dissociation constant) of 
protonated oleylamine is 10.7, and the pK,3 of 
PTA is 2.0 to 3.3 (10, 11). During the experi- 
ment, ~0.347 mmol PTA and 9.7 mmol oleyl- 
amine were added, so PTA was completely 
dissociated as H* and PW.049", and oleyl- 
amine was protonated, which was also dem- 
onstrated by the FTIR spectra (fig. $7). 
According to the inductively coupled plasma- 
atomic emission spectrometry (ICP-AES) data 
(table $1), the ratio of PWy2049" to Ca?* in 
nanowires was about 1:1, so there should be 
protonated oleylamine with equal molar quan- 
tity of PWy2049° on nanowires to maintain 


Distillation 


[N 


electrical neutrality. Molecular dynamics (MD) 
simulations (movie S1) and geometry optimi- 
zation (Fig. 11 and fig. S8) demonstrated that 
the Ca?* bridged PW,.0.0° in the final stable 
state of nanowires. According to the above 
characterization results, Ca?* bridged PW,.019 
nanoclusters through electrostatic interaction 
to form nanowires, and oleylamine and pro- 
tonated oleylamine attached to nanowires 
through coordination and electrostatic inter- 
actions (Fig. 1J). MD simulations were also run 
to investigate the formation of coiled nano- 
wires (movie S2 and fig. S9), demonstrating 
that a decrease of surface energy drives the 
coiling process. 

We prepared strontium-POM (Sr-POM) nano- 
wires through the same method (fig. S10), and 
the structures were similar to that of Ca-POM 
nanowires (fig. S11 and table S1). We also tried 
many other metal cations and POMs; however, 
no nanowires were obtained when Ca?*/Sr** 
or PTA was replaced (SM materials and meth- 
ods 1.5 and figs. S12 to S16). The concentration, 
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solvent, and properties of counterions and 
POM anions influence the coordination modes 
of counterions and POM anions and their col- 
lective states (12, 13). The formation of nano- 
wires requires not only the 1D coordination 
mode of counterions and POM anions but also 
the nucleation of building blocks of nanowires 
from the reaction system and their connection 
into stable nanowire structures. For other 
metal counterions and POM anions, they show 
different self-assembly behavior with Ca?* or 
Sr** and PTA anions. The mixed solvents and 
surfactants used in this work also influence their 
coordination modes and assembly behavior. 
Thus, not all metal counterions and POM 
anions can be prepared into nanowires in this 
experimental condition. The ratio of Ca(NO3)> 
to PTA added into the reaction also influenced 
the products (fig. S17). MD simulation re- 
sults showed that when there was excessive 
PW,.040" , they would combine more proto- 


Fig. 3. Mechanical behaviors of nanowires-octane 
gels. (A) Photographs of the gel, which was 
compressed. (B) Photographs of the gel flake, which 
was stretched. (C) Photographs of the gel flake, 
which was folded. (D) SAXS 2D patterns of stretched 
gel flakes. Tensile directions are shown at bottom 
right. (E) Rheological study of gels in the frequency 
sweep mode for the strain amplitude of 1%. 

(F and G) Typical (F) tensile stress-strain curves and 
(G) compressive stress-strain curves of gels. Element 
symbols and numbers in the color keys in (E) to (G) 
indicate the type of nanowires and their mass percent 
in gels. For example, Ca 10.2% indicates Ca-POM 
nanowire-octane gels with 10.2% nanowires. 
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nated oleyamine, and the nanoclusters tend to 
be aggregate and form nanosheets (fig. S18A). 
When there was excessive Ca’*, it would 
combine with oleylamine, and some nano- 
particles formed (fig. S18B), which is consist- 
ent with experimental results. 
Experimentally, we found that the nano- 
wires dispersion readily formed a gel (SM mate- 
rials and methods 1.4), and the Tyndall effect 
is shown in Fig. 2A, inset. Inversion of a test 
tube showed that the gel was stable, and after 
standing for several hours at room tempera- 
ture, a freestanding gel could be obtained 
(Fig. 2A). The critical gel concentration (CGC) 
was 0.53%, denoting the minimum mass per- 
cent of nanowires necessary for gelation of 
organic liquids. As shown in Fig. 2, B and C, 
nanowires intersected with each other in junc- 
tions and formed 3D networks in the gel. As 
shown in Fig. 2D, nanowires outside junc- 
tions were parallel to each other and formed a 
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layer. Interwoven nanowires and parallel nano- 
wires formed the structure with many cavities, 
which could lock organic liquids. For wet gels, 
the existence of octane in the gel showed 
plump vesicles (fig. S19A), whereas the vesicles 
were shriveled after the gel was dried (fig. 
S19B), and the originally convex morphology 
changed to the concave morphology. We prep- 
ared various organogels with low CGCs (Fig. 
2E, fig. S20, and table S2), demonstrating that 
nanowires were widely applicable gelators for 
organic liquids. Sr-POM nanowires could also 
be used to prepare organogels (fig. S21); 
however, for the same organic liquid, the CGC 
of Sr-POM nanowires was higher than that of 
Ca-POM nanowires (table S3) because of the 
higher relative atomic mass of Sr. Moreover, 
through removing solvents in gels by means of 
distillation and centrifugation, nanowires in 
gels could be recycled more than 10 times to 
prepare gels (SM materials and methods 1.7 and 
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Fig. 4. MD simulations of Ca-POM nanowires-based gels. (A) Schematic diagram of the nanowire-octane 
gel. Small blue models indicate octane, and large blue-red models indicate nanowires. (B) The interaction 
energy between nanowires. (C) The interaction energies between octane and main parts of nanowires. 

(D) The running diffusion constants of some pure organic liquids and these liquids trapped in nanowire networks. 


fig. S22). The purity of recovered organic liquids 
from gels was tested as higher than 99.5% (fig. 
$23), with a little ethanol impurity introduced 
during the washing process. Nanowires-based 
gels were stable, and no observable change 
occurred after 2 months of storage in sealed 
containers (fig. $24). The gel also remained 
stable after being frozen with liquid nitro- 
gen (Fig. 2F). The production yield of nano- 
wires could be increased through increasing 
the quantity of raw materials with equal 
proportion (SM materials and methods 1.3). 
As shown in Fig. 2G and fig. $25, gels with 
bigger sizes were obtained in two batches, 
with 603 and 373 g octane trapped, respec- 
tively. As shown in Fig. 2H, the spilled petrol 
(~330 ml) on water could form a gel with 
nanowires, and the freestanding nanowires- 
petrol gel could be overall removed from 
water. Then petrol could be separated from 
the gel through distillation (SM materials 
and methods 1.8). 

The gel was elastic and flexible (Fig. 3, A 
to C). It could quickly return to its original 
shape after being compressed (movie S3), and 
when Ca-POM nanowires in the gel were ~60%, 


Zhang et al., Science 377, 100-104 (2022) 1 July 2022 


the gel could bounce (movie S4). When the 
size of gels greatly increased, its elasticity was 
maintained (movie S5). As shown in small- 
angle x-ray scattering (SAXS) results (Fig. 3D), 
when the gel flake was stretched, the SAXS 
2D pattern was anisotropic, demonstrating 
that nanowires in the gel were oriented to a 
certain extent under tension. 

As shown in Fig. 3E, storage modulus (G’) 
was higher than loss modulus (G”) for a gel, 
indicating that the gel exhibited more elastic 
property than viscosity. Because there is a 3D 
nanowire network in the gels, and because 
in the low angular velocity (m) range G’ was 
higher than G”, there must be a physical cross- 
link in gels that results from entangling and 
interactions between nanowires. When nano- 
wires in gels increased, G’ increased far more 
than G”, with a greater increase in the elasticity, 
because the density of cross-linked nanowire 
networks became higher. With o increasing, 
nanowires in the gel were partly oriented under 
external force, so G’ increased rapidly. Sr is 
heavier than Ca, so there were fewer nanowires 
in the Sr-POM nanowires-octane gel than in 
the Ca-POM nanowires-octane gel with the 


same content of nanowires; thus, G’ of the 
gel with 0.6% Sr-POM nanowires was lower 
than the gel with 0.6% Ca-POM nanowires. As 
shown in Fig. 3F, the stress initially increased 
quickly and linearly with strain, mainly in- 
duced by elastic deformation of nanowire 
networks. After the yield point, nanowire net- 
works gradually broke under tension, and 
deformation of gels was permanent. Last, a 
crack appeared on the gel that propagated 
under tension until the gel broke. As shown 
in Fig. 3G, the compressive stress initially 
increased slowly and linearly with the strain, 
mainly induced by elastic deformation of the 
nanowire networks. The stress subsequently 
increased faster with the strain, induced by 
permanent deformation of the nanowire net- 
works. In this stage, the energy dissipation 
involved dissociation of the nanowire net- 
works (4). Cracks on the gel gradually in- 
creased, causing the gel to be broken into 
several large pieces, rather than a catastrophic 
fracture into many small pieces. As shown in 
tables S4 and $5, when Ca-POM nanowires 
in gels increased from 3.3 to 10.2%, the tensile 
elastic modulus, tensile strength, compres- 
sive elastic modulus, and compressive frac- 
ture strength of the gels all increased, but 
the elongation at break and the compres- 
sive fracture strain decreased, which was also 
induced by the increase of density of the cross- 
linked nanowire networks. The octane content 
affected both the free volume and the lubricity 
among nanowires, so when the octane content 
was higher, deformability of gels was better 
(15). For the same gel, the tensile elastic mod- 
ulus was higher than the compressive elastic 
modulus (tables S4 and S5). When the gel was 
stretched, nanowires were oriented to a cer- 
tain extent under tension (Fig. 3D), and while 
the gel was compressed, there was no align- 
ment of nanowires to resist compression. 
The mechanical properties of gels with 3.3% 
Ca-POM nanowires were better than that of 
gels with 3.3% Sr-POM nanowires, further 
demonstrating that the Ca-POM nanowires 
were better than Sr-POM nanowires as gela- 
tors. As shown in fig. S26, the strength of the 
gel improved when the standing time increased 
from 1 to 2 days, but further improvement was 
not apparent after 2 days. Nanowire-based 
gels were obtained through standing nano- 
wire dispersions for several hours, achieving a 
preliminary stability of the nanowire net- 
works. Through further standing, nanowire 
networks and trapped liquids achieved equilib- 
rium. At this point, the gel was fully “mature” 
and did not evolve further (6). Organogels 
with previously reported high solvent content 
were usually not freestanding, and most of 
them did not perform tensile and compression 
tests. As shown in fig. S27, G’ of the nanowire- 
based gel was higher than most of the organo- 
gels with previously reported high solvents 
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content, demonstrating the good elasticity of 
the nanowire-based gel. 

We used MD simulations to investigate 
Ca-POM nanowire-based gels. First, nine nano- 
wires and 24,850 octane molecules were put 
into a closed system with the dimensions of 
20 by 20 by 20 nm. After running MD sim- 
ulations, nanowires formed networks driven 
by a decrease of potential energy (Fig. 4A). In 
addition to van der Waals forces, there were 
also electrostatic forces between nanowires 
(Fig. 4B), from the interaction between Ca?* 
and PW,.049" nanoclusters. The interactions 
between nanowires and octane, hexane, cyclo- 
hexane, and octadecene were strong, whereas 
the interactions between nanowires and chlo- 
roform were weak (fig. S28), so the nanowires 
dispersion in chloroform could not form a 
freestanding gel, and only the gel in a tube was 
obtained. As shown in Fig. 4C, the octane 
interacted with all of the main parts of the 
nanowires, and the interaction between oc- 
tane and oleylamine was the strongest. As 
shown in Fig. 4D, the running diffusion con- 
stants of octane, hexane, cyclohexane, and 
octadecene in the pure state were all higher 
than the running diffusion constants of them 
in the gel, respectively, demonstrating that 
diffusion of organic liquids was limited by 
nanowire networks (SM materials and meth- 
ods 3.4) (17, 18). Thus, the good mechanical 
properties of gels were derived not only from 
entanglement of nanowires and multilevel in- 
teractions between nanowires contributed by 
electrostatics force and van der Waals force 
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but also by strong interactions between nano- 
wires and organic liquids. 

We developed a facile room-temperature 
synthesis method of AE-POM nanowires. These 
nanowires could form 3D networks through 
physical cross-link in the dispersion. Through 
simply stirring and standing, more than 
10 kinds of organic liquids could be locked, 
such as petrol and octane, and freestanding 
and elastic organogels were obtained with- 
out any additives. On the basis of this method, 
we easily achieved scalable batch production 
of nanowires, and kilogram-scale organic 
liquids could be trapped. Nanowires in gels 
could be recycled more than 10 times through 
distillation and centrifugation. And nanowire- 
based organogels were stable even at liquid- 
nitrogen temperature. These materials enable 
semisolidification and spill recovery of organic 
liquids. 
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Pleiotropic effects of trans-regulatory mutations 
on fitness and gene expression 


Pétra Vande Zande't, Mark S. Hill?+, Patricia J. Wittkopp** 


Variation in gene expression arises from cis- and trans-regulatory mutations, which contribute 
differentially to expression divergence. We compare the impacts on gene expression and fitness 
resulting from cis- and trans-regulatory mutations in Saccharomyces cerevisiae, with a focus 

on the TDH3 gene. We use the effects of cis-regulatory mutations to infer effects of trans-regulatory 
mutations attributable to impacts beyond the focal gene, revealing a distribution of pleiotropic 
effects. Cis- and trans-regulatory mutations had different effects on gene expression with pleiotropic 
effects of trans-regulatory mutants affecting expression of genes both in parallel to and downstream 
of the focal gene. The more widespread and deleterious effects of trans-regulatory mutations 

we observed are consistent with their decreasing relative contribution to expression differences 


over evolutionary time. 


eritable variation in gene expression is 

widespread within and between species 

and often contributes to phenotypic di- 

versity (1). This variation arises from 

mutations that alter activity of the reg- 
ulatory networks that control gene expression. 
Each regulatory mutation can act in cis or 
in trans with respect to a specific gene. Cis- 
regulatory mutations tend to be located close 
to the focal gene and often affect noncoding 
sequences that regulate the focal gene’s ex- 
pression such as promoters or enhancers. Trans- 
regulatory mutations can be located anywhere 
in the genome and can affect either coding 
or noncoding sequences of genes that influence 
the focal gene’s expression through activity of 
a diffusible molecule such as a protein or RNA. 
Prior work has shown that trans-regulatory 
variants appear to be the primary source of 
mRNA expression differences within a species 
but the relative contribution of cis-regulatory 
variants often increases with evolutionary 
time (2-6). Understanding how and why these 
classes of regulatory mutations contribute 
differently to variation in gene expression is 
important for understanding how gene ex- 
pression evolves. 

Differences in the way cis- and trans- 
regulatory mutations affect gene expression 
might contribute to a preferential fixation 
of cis-regulatory variants relative to trans 
(6-9). A cis-regulatory mutation alters expres- 
sion of a focal gene, which can in turn have 
effects on expression of downstream genes 
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(orange box in Fig. 1). By contrast, a trans- 
regulatory mutation affecting expression of 
the same focal gene might have effects com- 
parable to the cis-regulatory mutation plus 
independent effects on expression of other 
genes, each with its own downstream conse- 
quences (blue box in Fig. 1). Trans-regulatory 
mutations are thus predicted to have more 
widespread effects on gene expression than 
mutations altering expression of the focal 
gene in cis. Consequently, trans-regulatory 
mutations might be fixed less often than cis- 
regulatory mutations because mutations that 
are more pleiotropic (i.e., affect more traits) 
are predicted to be more deleterious (J0). This 
hypothesis has been difficult to test directly, 
however, because it is notoriously difficult 


to disentangle the effects of a pleiotropic mu- 
tation on one trait from its effects on others 
(11-13). 

We examine the pleiotropic effects of trans- 
regulatory mutations by using cis-regulatory 
mutations to separate the effects of a trans- 
regulatory mutation caused by its influence 
on a focal gene from its effects caused by im- 
pacts on other genes. We separate these mu- 
tational effects for fitness and gene expression 
by measuring relative growth rate and expres- 
sion profiles (using RNA-seq) for strains of 
the baker’s yeast Saccharomyces cerevisiae 
carrying either a cis- or trans-regulatory muta- 
tion affecting expression of the focal gene. We 
focus on mutations affecting expression of the 
TDH8 gene, which encodes a glyceraldehyde- 
3-phosphate dehydrogenase (GAPDH), because 
prior studies have systematically identified and 
isolated individual cis- and trans-regulatory 
mutations that affect its expression (14-16). 
To the best of our knowledge, comparable data 
are not available for other genes in S. cerevisiae 
or other eukaryotic species. 

We analyzed the effects of five cis-regulatory 
mutants on fitness and gene expression that 
caused expression of TDH3 to vary from 0 to 
~135% of wild type (WT) levels (data S1). These 
mutants were selected to cover the range of 
effects observed previously for 348 mutant 
alleles of the 678-bp (base pair) TDH3 promoter 
(14, 17, 18). The five cis-regulatory mutants were 
genetically identical except that the 0% TDH3 
expression strain carried a deletion of the 
TDH3 gene, the 20, 50, and 85% TDH3 ex- 
pression strains each carried a single point 
mutation in the TDH3 promoter, and the 135% 
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Fig. 1. Cis- and trans-regulatory mutations have different effects on gene expression. (A) Trans-regulatory 
mutations (blue), in either indirect or direct regulators, influence expression of a focal gene (orange), 
which in turn influences expression of downstream genes (light blue), either directly or indirectly, and can 
also influence additional genes (black). (B) Schematic showing the 678-bp cis-regulatory sequence 
(promoter) for the S. cerevisiae TDH3 gene (pTDH3) used as a focal gene for this work (see fig. Sl and 
data S1). (€) Previously identified (16) trans-regulators of TDH3 expression harboring mutations tested 


in this work (see fig. S1 for detail). 
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TDH8 expression strain carried a duplication 
of the 7DH3 allele harboring a point mutation 
with a copy of URA3 separating the two copies 
of TDH3 (fig. S1). The impact of each of these 
mutations on gene expression was determined 
by comparing expression in these strains to 
expression in the progenitor strain lacking any 
mutations in TDH3, either without (for the 0, 
20, 50, and 85% strains) or with (for the 135% 
strain) the extra URA3 gene (fig. S1, see meth- 
ods). Simultaneously, we analyzed the effects 
of 35 trans-regulatory mutant strains carrying 
mutations that caused TDH3 expression to 
vary from ~6 to ~130% of WT levels (data S1). 
Of these 35 strains, 26 carried single muta- 
tions with a range of effects similar to those 
captured by the five cis-regulatory mutants as 
well as those observed for >14.00 trans-regulatory 
mutations introduced randomly by ethyl meth- 


anesulfonate (15). The remaining nine strains 
each carried one to six mutations in either RAP 
and GCRI, which directly regulate TDH3 (16) 
(fig. S1 and data S1). 

To separate the fitness effects of trans-regulatory 
mutations attributable to changes in TDH3 ex- 
pression from the fitness effects attributable 
to the pleiotropic impacts of these mutations 
on other genes, we first defined the relation- 
ship between TDH3 expression and fitness 
using only the cis-regulatory mutants. Rela- 
tive fitness was estimated for each mutant 
based on measures of growth rate under the 
same conditions used to grow cells for expres- 
sion profiling (see methods). To predict the 
fitness effects of any change in TDH3 expres- 
sion between 0 and 135% of WT expression, we 
fit a local polynomial regression (LOESS) curve 
to these data. The continuous relationship be- 
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Fig. 2. Pleiotropic effects of trans-regulatory mutations on fitness and gene expression. (A) Relative 
fitness is shown for cis-regulatory mutants and a wild-type strain (triangle) with different levels of TDH3 
expression. Line fitted with a local polynomial regression (LOESS). (B) Relative fitness and TDH3 expression 
of trans-regulatory mutants is shown, with the cis-regulatory mutants and fitted LOESS curve from 
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tween fitness and TDH3 expression level ob- 
served (Fig. 2A) is consistent with prior work 
using competitive growth to estimate fitness of 
43 cis-regulatory mutations in TDH3 (7, 18). 

Using these inferred effects of changes in 
TDH8 expression on fitness, we estimated 
the pleiotropic fitness effects of each trans- 
regulatory mutant by comparing its measured 
fitness to the fitness predicted for a cis- 
regulatory mutant with the same change in 
TDH3 expression (Fig. 2B). Excluding two 
flocculant trans-regulatory mutants for un- 
reliable estimates of growth rate, 52% of mu- 
tants (17 of 33) had significant deleterious 
pleiotropic effects based on the LOESS re- 
gression curve falling above their 99% confidence 
intervals (CI) for fitness. Only one mutant had 
a significant beneficial pleiotropic effect; this 
mutant had a mutation in JRA2, which has 
also been found to harbor beneficial muta- 
tions in other studies (19-27). The remaining 
15 trans-regulatory mutants (45%) showed fit- 
ness effects comparable to cis-regulatory mu- 
tants with similar impacts on TDH3. Overall, 
this empirical distribution of pleiotropic fit- 
ness effects was skewed toward deleterious 
effects (Fig. 2C). Mutations with the largest 
deleterious fitness effects tended to also cause 
the largest decreases in TDH3 expression, al- 
though some mutations with large deleterious 
effects had little effect on TDH3 expression 
(Fig. 2C, insert). An additional 1106 gene dele- 
tions that affected TDH3 expression in trans 
showed a similar distribution of pleiotropic 
effects (fig. S2) (22, 23) 

To test the idea that trans-regulatory muta- 
tions are more likely to be deleterious because 
they tend to be more pleiotropic, we compared 
the number of genes considered significantly 
differentially expressed in the cis- and trans- 
regulatory mutants at a false discovery rate 
(FDR) of 10%. Overall, we found no statisti- 
cally significant difference in the median num- 
ber of differentially expressed genes between 
the five cis- and 35 trans-regulatory mutants 
(Fig. 2D, permutation test P value: 0.14; fig. 
S3A) but observed significantly more variable 
effects for the trans-regulatory mutants (per- 
mutation test P value = 0.01; fig. S3B). Although 
the power of this test was limited by the small 
number of cis-regulatory mutants included, the 
absence of a larger median effect of trans- 
regulatory mutants might be due to differences 
in the severity of mutational effects between 
the sets of cis- and trans-regulatory mutants 
examined. To test this possibility, we examined 
the effects of cis- and trans-regulatory mu- 
tants on the number of differentially expressed 
genes while taking their effect on TDH3 expres- 
sion into account. We found that most trans- 
regulatory mutants showed more widespread 
effects on gene expression than cis-regulatory 
mutants with the same effect on TDH3 expres- 
sion (Fig. 2E). 
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Fig. 3. cis- and trans-regulatory mutants have 
distinct effects on expression of genes 
downstream of TDH3. (A) Violin plots showing 
absolute logs fold changes in the cis-regulatory 
mutants for the 140 genes identified as downstream 
of TDH3, as they were significantly differentially 
expressed (DE) in the TDH3 null mutant. Median 
absolute logs fold changes are shown above each 
plot and indicated with black dots. (B) Logs fold 
changes in cis-regulatory mutants are shown for the 
same 140 genes downstream of TDH3 connected by 
line segments. Genes whose expression was not 
significantly linearly correlated with TDH3 expres- 
sion are shown in gray. (C) Expression of TDH3 and 
GPD2 is shown for the cis-regulatory mutants 
(circles) and the WT strain (triangle). The best fit 
linear regression line and 95% Cl (gray shaded 
area) are shown. (D) Heatmap of the 140 genes 
downstream of TDH3 showing log fold changes in 
all cis- and trans-regulatory mutants; genes are 
rows and mutants—named after the gene bearing 
the mutation in that mutant—are columns. Color 
intensity is scaled by row (by gene) and represents 
z scores. Mutants are hierarchically clustered as 
shown by the dendrogram. (E) The number of 
downstream genes that are also significantly 
differentially expressed in each trans-regulatory 
mutant is shown as a column relating to the 

eft y axis. The expression level of TDH3 in that 
mutant is shown as a green point relating to the 
ight y axis. (F) Schematic shows that trans-regulatory 
mutants can have pleiotropic effects on genes 
downstream of TDH3 not mediated by their effect 
on TDH3 as well as pleiotropic effects on genes in 
parallel to TDH3. (G) Expression of GPD2 and TDH3 is 
shown for the trans-regulatory mutants, with the 
expression and linear regression from cis-regulatory 
mutants from (C) included in orange. Red lines 
delineate 95% prediction intervals for the cis-regulatory 
mutant relationship between TDH3 and GPD2. Effects 
of trans-regulatory mutants on GPD2 that are not 
explained by their effect on TDH3 (pleiotropic 
expression effects, example illustrated by black line) 
are colored blue. (H) For each of the 122 genes 


iv) 


o 
S 
S 


0\81 0.50 0.48 0.44 0.26 
B6 2 
g o 
g 2 
Ke] oe 1 
24 S 
8B ae 
* a 
7 -2 


Dey 
S 
6 


GPD2 expression 
(% Wild type) 


f=} 
S 


0 20 50 85 
TDH8 expression 
(% Wild type) 


135 0 


140 genes significantly 


Regulatory mutant strain 
(Named after gene bearing mutation) 


50 


TDHS expression 
(% Wild type) 


100 0 50 100 
TDH3 expression 
(% Wild type) 


150 


= 
fo} 
fo} 
= 
o 


uolsseidxe Hq] @& 


Number of downstream genes DE 
Oo 
a 


0.0 


] li 
0: 


fp) 
= 


600 | 1000 


Pleiotropic 
expression 
effect 


— 
i=) 
So 


GPD2 expression 
(% Wild type) 
np 
i=) 
oa 


Pleiotropic expression effect 
(residual) 


0 50 100 
TDHS expression 
(% Wild type) 


150 
-5001, 


Genes (n = 122) 


downstream of TDH3 with a significant linear relationship to TDH3 expression in the cis-regulatory mutants (x axis), the pleiotropic expression effect (y axis), as 
illustrated in (G), is shown. For each gene, each point represents a different trans-regulatory mutant. Genes are ordered on the x axis by median residual (black 
points). Blue points indicate mutants with significant pleiotropic expression effects, whereas gray points indicate nonsignificant pleiotropic expression effects. 


As shown in Fig. 1 trans-regulatory mutants 
are not only assumed to have effects on expres- 
sion of genes downstream of the focal gene 
similar to that of cis-regulatory mutations, but 
are also assumed have additional pleiotropic 
effects on expression of other genes in parallel. 
To test this assumption, we sought to sepa- 
rately analyze the effects of trans-regulatory 
mutants on expression of genes downstream 
of and in parallel to TDH3. To identify the 
set of genes downstream of TDH3, we iden- 
tified genes whose expression was signifi- 
cantly altered in the 7DH3 null mutant. We 
found 140 such genes (10% FDR, P value = 
0.002, data S3), excluding TDH3 itself. Of 
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these genes, 49 (35%) were underexpressed 
in the null mutant relative to the wild-type 
strain and 91 (65%) were overexpressed (data 
83). This gene set was significantly enriched for 
genes encoding proteins involved in glycolytic 
processes (fig. S4), suggesting that many ex- 
pression changes observed in the 7DH3 null 
mutant might be due to a homeostatic re- 
sponse of the cells to maintain metabolism in 
the absence of the TDH3p enzymatic activity 
involved in glycolysis and gluconeogenesis 
(24). These downstream genes were also en- 
riched for genes associated with the gene on- 
tology terms DNA biosynthesis, integration, 
and transposition (fig. S4), which might result 
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from nonmetabolic functions of TDH38p in 
processes such as transcriptional silencing and 
rDNA recombination (25). 

The median absolute log, fold expression 
changes observed for this set of 140 genes 
downstream of TDH3 decreased monotoni- 
cally as TDH3 expression approached wild 
type and was smallest in the cis-regulatory 
mutant overexpressing TDH3 (Fig. 3A). Out 
of these 140 genes, 122 (87%) showed a sig- 
nificant linear relationship with TDH3 ex- 
pression in the five cis-regulatory mutants 
(10% FDR, P value = 0.09; fig. S5A), with 44 
positively correlated and 78 negatively cor- 
related (Fig. 3B and fig. S5B). For example, 
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Fig. 4. Larger pleiotropic expression effects of 
trans-regulatory mutants correlate with nega- 
tive fitness effects. (A) A heatmap shows logs fold 
changes for all genes not downstream of TDH3 as 
estimated by DESeq2, in which rows are genes and 
columns are mutants. Color intensity is scaled by 
row (by gene) and corresponds to z scores. 
Hierarchical clustering of mutants is shown by the 
dendrogram above. Three of the four trans- 
regulatory mutants bearing mutations in the adenine 
biosynthesis pathway cluster together and are marked 
by a blue dot and line. The cis-regulatory mutant 
overexpressing TDH3 clusters with IRA2 (green), 
whereas the cis-regulatory mutants with reduced 
TDH3 expression cluster together (orange). A large 
cluster of trans-regulatory mutants with sma 
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the GPD2 gene—which encodes an enzyme 
two steps away from TDH3 in the metabolic 
network—increased linearly when TDH3 ex- 
pression was decreased by cis-regulatory mu- 
tations (Fig. 3C). 

A heatmap showing expression with hierar- 
chical clustering for these 140 genes downstream 
of TDH3 in the 40 cis- and trans-regulatory 
mutants also visually showed the correlation 
with TDH3 expression in the cis-regulatory 
mutants (orange cluster in Fig. 3D). The cis- 
regulatory mutant overexpressing TDH3 (135% 
TDH3) had opposing effects on expression of 
these genes that caused it to cluster separately, 
with expression most similar to two trans- 
regulatory mutants (bearing mutations in 
NARI and IRA2) that also caused overexpres- 
sion of TDH3 (green cluster in Fig. 3D). The 
other 33 trans-regulatory mutants had more 
distinct patterns of expression for these genes 
(Fig. 3D), with some mutants (e.g., RAP1484 
and IRA2) showing significant changes in ex- 
pression for many genes despite minimal 
effects on TDH3 expression (Fig. 3E). These 
observations suggest that the pleiotropic ef- 
fects of trans-regulatory mutants include ef- 
fects on expression of genes downstream of 
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TDH3 that are not explained by their effect on 
TDHB (Fig. 3F). 

To further explore this possibility, we used 
the linear models fitted to the cis-regulatory 
mutant data to predict the change in expres- 
sion expected for each downstream gene as a 
result of the effect of the trans-regulatory mu- 
tant on TDH3 expression alone. Deviations 
from these expectations indicate pleiotropic 
effects of trans-regulatory mutants on the 
expression of genes downstream of TDH3. 
For example, 6 of the 35 trans-regulatory mu- 
tants showed evidence of a pleiotropic effect 
on expression of GPD2, as indicated by a change 
in GPD2 expression further than one standard 
error outside of the 95% prediction interval 
for the expression change expected based on 
cis-regulatory mutants (Fig. 3G). Such pleiotropic 
effects were observed for at least one trans- 
regulatory mutant for 111 of the 122 genes 
downstream of TDH3, with the magnitude of 
the pleiotropic effects (measured as residuals 
from the gene-specific regression models based 
on the cis-regulatory mutants) varying among 
trans-regulatory mutants and genes (Fig. 3H). 

These pleiotropic effects on expression of 
genes downstream of TDH3 are in addition 
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to the pleiotropic effects of trans-regulatory 
mutants in parallel to TDH3. A heatmap of 
expression with hierarchical clustering for 
the 5806 genes not classified as downstream 
of TDH3 shows these other effects (Fig. 4A). 
Of the trans-regulatory mutants, 14 showed 
minimal effects on expression of these genes 
(purple cluster in Fig. 4A). The four hypo- 
morphic cis-regulatory mutants clustered to- 
gether (orange cluster in Fig. 4A) and showed 
additional effects that appeared to scale with 
TDH8 expression level (consistent with fig. 
S5), suggesting that there might be more genes 
downstream of TDH3 than were identified as 
differentially expressed in the TDH3 null mu- 
tant with the statistical thresholds used. The 
trans-regulatory mutants with larger effects 
tended to cluster according to related pheno- 
type or function, such as the two flocculant 
strains (bearing mutations in CYC8 and SSN2), 
genes involved in adenine biosynthesis (ADE4, 
ADE5, and ADE6), and large-impact mutations 
in GCRI. Finally, the two RAPI mutants with the 
largest impacts on TDH3 expression (RAP154 
and RAP1238) showed the most different ex- 
pression patterns from the other mutants and 
each other. 
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Comparing the impacts of trans-regulatory 
mutations on gene expression downstream of 
and in parallel to TDH3 showed that mutants 
affecting expression of many genes in parallel 
to TDH3 tended to also affect expression of 
many genes downstream of TDH3 (Fig. 4B). 
This observation indicates that some trans- 
regulatory mutants had larger or smaller over- 
all effects on the transcriptome. However, the 
impact of a mutation on TDH3 expression was 
not a strong predictor for this overall effect: 
Some mutants with minimal effects on TDH3 
expression altered expression of thousands of 
other genes whereas other mutants changed 
TDH8 expression up to 30% but altered ex- 
pression of <100 other genes (Fig. 2E). The 
overall number of genes whose expression 
was affected by a trans-regulatory mutation 
was a strong predictor of the relative fitness 
of the mutant [Fig. 4C; consistent with (26)], 
although two trans-regulatory mutants ([RA2 
and NAM7) were notable exceptions (Fig. 4C). 
Directly comparing the pleiotropic effects of 
trans-regulatory mutations inferred for fitness 
and expression of genes in parallel to TDH3 
showed a very similar relationship (Fig. 4D) 
because the cis-regulatory mutants had much 
smaller effects on both fitness and expression 
of other genes than trans-regulatory mutants 
with similar effects on TDH3 expression (Fig. 
2, B and E). 

In summary, we developed a framework to 
decompose the effects of trans-regulatory mu- 
tations attributable to their effect on expres- 
sion of a focal gene from their effect on other 
genes in the genome. These data support the 
widely held but rarely tested assumptions that 
trans-regulatory mutations tend to be more 
pleiotropic and more deleterious than cis- 
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regulatory mutations but also provide a more 
nuanced view of these differences at the level 
of specific mutations and show that the pleio- 
tropic effects of trans-regulatory mutations 
might often affect expression of genes both in 
parallel to and downstream of the focal gene. 
Studies such as this one that empirically de- 
termine and compare the properties of different 
types of mutations affecting gene expression 
are critical for understanding how regulatory 
systems evolve. 
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Soft, bioresorbable coolers for reversible conduction 


block of peripheral nerves 
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Implantable devices capable of targeted and reversible blocking of peripheral nerve activity may provide 
alternatives to opioids for treating pain. Local cooling represents an attractive means for on-demand 
elimination of pain signals, but traditional technologies are limited by rigid, bulky form factors; imprecise 
cooling; and requirements for extraction surgeries. Here, we introduce soft, bioresorbable, microfluidic 
devices that enable delivery of focused, minimally invasive cooling power at arbitrary depths in 

living tissues with real-time temperature feedback control. Construction with water-soluble, biocompatible 
materials leads to dissolution and bioresorption as a mechanism to eliminate unnecessary device 

load and risk to the patient without additional surgeries. Multiweek in vivo trials demonstrate the 
ability to rapidly and precisely cool peripheral nerves to provide local, on-demand analgesia in rat models 


for neuropathic pain. 


he high therapeutic efficacy of opioids 
has led to their widespread use despite 
increasing rates of addiction and opioid- 
related deaths due to overdose (7). The 
increasing societal burden caused by 
opiate misuse motivates the development of 
localized, nonopioid, and nonaddictive pain- 
management techniques. Miniaturized im- 
plantable devices that eliminate pain signals 
locally in peripheral nerves suggest a poten- 
tial role for engineering-based treatments that 
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avoid side effects associated with opioids and 
other analgesics (2, 3). The controlled input 
of electrical (4), pharmacological (5), optical 
(6), mechanical (7), or thermal (8, 9) stimuli 
to neural tissue can lead to local and rever- 
sible neural blocking. 

Of particular interest for the work here is 
that temporal measures of metabolic, electro- 
genic, and ionic activity in neural tissue all 
exhibit a negative temperature dependence (/0). 
Local cooling of peripheral nerves decreases 
conduction velocity and signal amplitude of 
neural activity (11). Blocking of transmission 
of compound action potentials in mammalian 
nerves typically occurs below 15°C (12), but 
this threshold can be temporarily increased to 
near room temperature by a brief heating 
period preceding the cooling period (13, 14). 
Cooling applied to peripheral nerves is a 
promising approach for blocking pain sig- 
nals because it is nonaddictive, is rapidly 
reversible, can be applied locally, avoids any 
onset response, and allows for simultaneous 
electrical interrogation of the blocked nerve 
(15). Analgesic nerve cooling requires spatio- 
temporally precise control of temperature to 
maximize desired outcomes and to minimize 
the chance of cooling-induced tissue damage 
(6, 17). Current approaches for nerve cooling 
rely on rigid, bulky systems that prevent the 
use of local cooling as a practical approach 
for peripheral nerve pain management. 

An implantable device that provides on- 
demand local analgesia over a defined time- 
line followed by subsequent dissolution and 
bioresorption would represent a qualitative 
advance in pain-management techniques. We 
specifically envision clinical use cases for non- 
opioid management of postoperative acute pain 
signals in peripheral nerves where (i) aberrant 


neural signals are well defined in select ana- 
tomical regions, (ii) nerves carrying aberrant 
neural signals are already isolated, and (iii) a 
need for opioid therapy exists after operation 
(Fig. 1A). Pain management after amputations, 
nerve grafts, or spinal decompression surgeries 
represent examples. Here, the relevant nerves 
are already isolated and identified; thus, the 
application of the cuff would be straightfor- 
ward to integrate into the clinical workflow. 
In this scheme, implantation of a bioresorb- 
able cooler around the nerve that innervates 
damaged tissue enables reversible elimination 
of neural activity and pain signals through 
the focused application of cooling power (Fig. 
1B). Construction from water-soluble materials 
leads naturally to dissolution of the cooling 
system after the completion of the healing 
process and obviates the need for an extraction 
surgery (Fig. 1C), in a manner conceptually 
similar to that of other recently reported classes 
of bioresorbable sensors and therapeutic 
systems to monitor and accelerate wound 
healing or recovery processes (18, 19). 

We present concepts and device designs for 
soft, bioresorbable peripheral nerve-cooling 
and temperature-sensing units that are engi- 
neered to reversibly block pain signals with a 
targeted cooling stimulus over a finite time 
period matched to patient needs. The technol- 
ogy consists of a hybrid microfluidic and elec- 
tronic system for cooling and simultaneously 
measuring the temperature of a peripheral 
nerve. The elastomeric nature of the micro- 
fluidic system and the serpentine shapes of 
the electrical interconnects yield soft, stretch- 
able mechanics at the device level (Fig. 1D) 
with effective moduli not substantially higher 
than those of peripheral nerves [rat sciatic 
nerve elastic modulus is 0.6 MPa (20)]. These 
electronic and microfluidic systems termi- 
nate in a cuff structure with a diameter 
matched to the rat sciatic nerve (1.5 mm) to 
provide an intimate mechanical and thermal 
interface to the nerve, without the need for 
sutures (Fig. 1E). The curled geometry of the 
cuff and its elastic nature enables manual 
unrolling and soft clasping of the nerve. An 
essential defining characteristic of this 
system is that it is constructed entirely with 
water-soluble constituent materials that con- 
trollably dissolve to biocompatible end pro- 
ducts in the biofluids that are contained in 
subcutaneous tissues. Figure 1F shows devices 
wrapped around a silicone phantom nerve and 
submerged in phosphate-buffered saline (PBS) 
(pH 7.4) at 75°C, as an accelerated aging test. The 
results show that the materials largely dissolve 
within 20 days and that elimination of residues 
occurs after 50 days under these conditions. 

An illustration of the layers of the hybrid 
microfluidic-electronic device is shown in Fig. 2A. 
A bioresorbable elastomer, poly(octanediol cit- 
rate) (POC), forms the microfluidic system. POC 
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Fig. 1. Soft, bioresorbable, evaporative microfluidic coolers for an 
on-demand nerve block. (A) Transmission of postoperative acute pain signals 
through peripheral nerves. (B) Local cooling of peripheral nerves provides 

an on-demand nerve block. (€) Treatment termination and cooler bioresorption 
after completion of the healing process. (D) A soft, bioresorbable 


exhibits an elastic modulus of 2.8 MPa (2D), 
controllable rates of degradation by means of 
surface erosion (22), and a demonstrated com- 
patibility with nerves (23). Details of the steps 
for fabrication are provided in fig. S1 and the 
supplementary materials. The microfluidic 
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system includes transcutaneous colinear inter- 
connects that deliver liquid coolant [perfluoro- 
pentane (PFP)] and dry Nj to a serpentine 
evaporation chamber (Fig. 2B) in a completely 
sealed system that provides fluidic access at 
the ends. The electronic layer lies coplanar with 


Treatment termination 


Disconnect 
pump/control 
system 


Bioresorption 


ANANAANAA SM 


=== Normal nerve signals ==> 


Uncurled 


Temperature sensor 


Ss. 


Evaporative 
microfluidic 
cooler 


nerve-cooling system that features elastomeric interconnects and a terminal 
cuff structure. (E) A soft, curled, nerve-clasping structure provides secure 
attachment to nerves without sutures. (F) Construction from water-soluble 
materials enables device dissolution and subsequent bioresorption 


the microfluidic system, with the temperature- 
sensing element at the distal end of the device. 
The simultaneous initiation of PFP and No 
flows into this structure prompts evaporation 
of PFP at the microfluidic junction between the 
PFP and N, channels and along the serpentine 
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Device edge 


B Microfluidic system 


Fig. 2. Evaporative microfluidic cooling and temperature sensing system. (A) Exploded device render 
showing layers of the microfluidic and electronic systems. (B) Schematic illustration of the microfluidic and 
electronic systems design. (€) A flow of dry Nz prompts the complete evaporation of PFP within three 
serpentine turns at low molar ratio (Xpep = 0.1) inside the serpentine microfluidic channel. (D) Increasing 
the PFP molar fraction (Xpep = 0.5) extends the evaporation throughout the length of the serpentine 
microfluidic channel. (E) Evaporative microfluidic cooling prompts reduction of the temperature of the device 
surface to -20°C in ambient conditions, as shown by thermal imaging. (F) A bioresorbable electronic 
system for providing nerve-temperature feedback consists of a magnesium resistance-based temperature 


sensor on a cellulose acetate (CA) substrate. 


chamber. PFP, which boils near room temper- 
ature (28° to 30°C), is bioinert and compatible 
with nonfluorinated elastomers. PFP is clin- 
ically approved as a propellant in pressurized 
metered-dose inhalers (24), as an intravenous 
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ultrasound contrast agent (25), and in ther- 
apeutic hypothermia (26). The mass flow rates 
of the PFP and Nz and the geometry of the 
evaporation chamber govern the magnitude 
and localization of the cooling effect. At low 


PFP molar flow ratios (Xprp = 0.1), the PFP 
fully evaporates after passing through three 
serpentines, with marginal liquid PFP build- 
up at the corners of the microchannels (Fig. 
2C). At high molar flow rates (Xprp = 0.5), PFP 
proceeds through annular flow and passes 
along the sidewalls of the microchannels (Fig. 
2D). This phase change prompts the temper- 
ature of a device in a planar, uncurled config- 
uration to drop to -20°C within 2 min after 
initializing flow in ambient, room-temperature 
conditions (Fig. 2E). The cooled area of the 
device is confined predominately to the ser- 
pentine evaporation chamber, as governed 
by the microfluidic channel design and fluid 
flow rates. A serpentine magnesium trace with 
a width and length of 25 um and 72 mm, respec- 
tively, provides temperature feedback through 
the temperature coefficient of resistance of Mg 
(Fig. 2F). Details for the temperature-sensing 
system are provided in fig. S2 and the supple- 
mentary materials. 

Figure 3 summarizes quantitative results of 
measurements of the efficacy of nerve cooling 
of a phantom nerve structure and an inte- 
grated thermocouple inside a 37°C hydrogel 
tissue mimic (fig. $3). An enabling property 
of PFP is that it can be superheated beyond 
its boiling point, to temperatures as high as 
60°C (27), because of the energy barrier re- 
quired for homogeneous nucleation (28). This 
feature prevents premature boiling of the PFP 
as it passes along the smooth interior of the 
microfluidic channels to the evaporation cham- 
ber. The temperatures of the PFP and Nz flows 
equilibrate at 37°C within 90 mm of entering 
the 37°C environment (fig. $4). A condenser 
placed distal to the cooling cuff enables recap- 
ture of 90% of the evaporated PFP (fig. S5). 
The delivery of Nz in a pressure-driven mode 
mitigates transient pressure spikes that can 
occur with multiphase microfluidic flows (fig. S6). 

Holding the Nz pressure constant at values 
ranging from 7 to 90 kPa and sweeping the 
PFP flow rates from 0 to 900 ul/min yields 
data that reveal the dependence of the No 
flow rate on PFP flow rate (Fig. 3A). Experiments 
based on systematically sweeping the PFP and 
Nz flow rates over the same range as in Fig. 3A 
reveal the effect of molar flow rates on resultant 
nerve temperature (Fig. 3B). The minimum 
nerve temperature is -1.4°C, which is achieved 
at a molar PFP fraction of 0.13 and a No 
pressure of 90 kPa (Fig. 3C). Additional 
details regarding conversion to molar flow 
rates are provided in fig. S7. Figure 3D demon- 
strates the effect of PFP flow rate on nerve- 
temperature cooling rate. The maximum cooling 
rate of 3°C/s occurs with the 300 ul/min case. 
Arbitrary cooling and rewarming profiles, as 
governed by the thermal properties of the 
surrounding media, follow from controlled 
increments or decrements of the PFP flow 
rate (Fig. 3E). Experiments indicate sustained 
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Fig. 3. In vitro studies of nerve-cooling efficacy. (A) The No flow rate 
depends on Np pressure (PN2) and PFP flow rate. QNo, No flow rate; Qpep, 

PFP flow rate. (B) Phantom-nerve temperature depends on PFP and No flow 
rates. (©) A PFP molar fraction of 0.13 produces the lowest nerve temperature 
(-1.4°C). Qtota, Total flow rate. (D) Phantom-nerve cooling rates greater than 
3°C/s are prompted by initiation of a 300 yl/min flow of PFP. (E) Systematic 
reduction in PFP flow rate from 300 ul/min enables controlled rewarming of the 


and consistent nerve cooling to 3.0°C for a 
15-min interval in Fig. 3F [minimum tem- 
perature (Tin) = 2.1°C; maximum temper- 
ature (Tinax) = 3.5°C]. 

Thermal transfer in nerves occurs mainly 
through conduction, though subcutaneous 
biofluid and nerve blood flow contribute to 
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convective thermal transfer. Comparisons of 
measurements in a conduction-only environ- 
ment (hydrogel, 37°C) to those that include 
convective effects (water, 37°C) highlight these 
effects (Fig. 3G). The perfusion of blood through 
the targeted nerve presents an additional source 
of heat flux. For a nerve blood flow of 50 ul/min 
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nerve over a 20 min period. (F) Evaporative microfluidic cooling enables precise 
and stable nerve cooling for more than 15 min. (G) The effect of a convective 
environment on the ability to cool a phantom nerve, as shown by a comparison of 
37°C water and hydrogel baths. (H) Physiologically relevant rat sciatic nerve blood 
flow rates induce an increase in nerve temperature during cooling from 3° to 5°C ina 
phantom nerve. Error bars represent standard deviation of three trials. (1) POC 
microfluidics provide precise nerve cooling for 21 days in vitro (PBS, 37°C, pH 7.4). 


(Fig. 3H), the temperature of the nerve increases 
by 2.0°C (from 3.5° to 5.5°C). Experimental 
details are provided in fig. S8. A thermofluidic 
model (fig. S9) predicts the resultant changes 
in nerve temperature with and without nerve 
blood flow and shows similar results to ex- 
perimental results (fig. S10). Details for the 
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Side view 


Top view 


Fig. 4. Cooling localization. (A to C) Illustrations of the experimental setup for quantifying cooling localization (A) radially, (B) longitudinally, and (C) across the 
surface of the nerve. (D to F) A thermochromic (TC) hydrogel visually indicates the 10°C thermocline for a plane (D) perpendicular to the nerve, (E) parallel to the 
nerve, and (F) above a flat, uncurled cooler. (G to I) Simulations of the cases shown in (A) to (C), respectively, starting at the bottom of the TC hydrogel (z = 0). 


thermofluidic model are provided in the sup- 
plementary materials. Data captured for daily 
cooling for 180 s over 21 consecutive days in- 
dicate stable operation in 37°C PBS, with a 
standard deviation in cooling temperature of 
0.6°C (Fig. 31). 

Localization of the cooling effect to a pre- 
defined site without the need for insulating 
layers represents a key capability of the evap- 
orative microfluidic cooling approach intro- 
duced here. Nerve coolers embedded in a 
thermochromic tissue mimic in three different 


configurations serve as models for experimen- 
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tal study of temperature gradients in radial 
(Fig. 4A) and longitudinal (Fig. 4B) views 
along the nerve and across the surface of an 
uncurled, planar device (Fig. 4C). Figure S11 
illustrates the experimental setup for quan- 
tifying the 10°C thermocline in similar views 
of curled devices and a top-down view of a 
flat device. The 10°C thermocline is contained 
within the cuff (Fig. 4D) except for a region that 
extends downward ~500 um from the exterior 
of the cuff and does not extend past the edge 
of the device longitudinally along the nerve 
(Fig. 4E). Figure 4F demonstrates that this 


thermocline extends over nearly the entire 
serpentine evaporation chamber in the flat device. 
Images of flow rate sweep experiments for the 
cases shown in Fig. 4, E and F, are in figs. $12 
and S13, respectively. Thermal three-dimensional 
finite element analysis confirms that the cooling 
effect is largely confined radially (Fig. 4G) and 
longitudinally (Fig. 4H) within the extent of the 
cooling cuff and above a flat cooler (Fig. 41). The 
temperature of the vapor remains confined in- 
side the microfluidic channel, as indicated by 
the cold region that extends radially down and 
to the right in the g = 0 mm plane for Fig. 4G. 
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Fig. 5. Cooling-induced nerve block and analgesia. (A) Amplitude of muscular 
contraction in the tibialis anterior, as measured by EMG, diminishes with 
reduced temperature, and signal latency increases and subsequently recovers 
after rewarming. (B) Amplitude of CNAP diminishes with reduced temperature, 
and signal latency increases and subsequently recovers upon rewarming. 

(C) Illustration of the bioresorbable nerve cooler interfacing with the sciatic 
nerve of a rat. (D) Illustration of the subcutaneous routing path of the 
bioresorbable device and nonbioresorbable interconnects. A SNI generates 


The low heat capacity of the PFP and Ng» ex- 
haust gas mixture yields minimal cooling along 
the exterior of the outlet channel, as supported by 
experiments and simulations (figs. $14 and S15). 
Acute animal trials demonstrate the capa- 
bility of evaporative microfluidic coolers to 
reversibly eliminate evoked nerve signals. The 
soft, curled structure defines an intimate ther- 
mal and mechanical interface to the rat sciatic 
nerve without sutures and without mechani- 
cally induced damage (fig. S16). Electromyo- 
graphy (EMG) of the tibialis anterior muscle 
indicates a 92% reduction in EMG magnitude 
and 64% increase in signal latency of neuro- 
muscular activity during cooling from 31° to 5°C 
over a period of 8 min (Fig. 5A). The amplitude 
and latency return to 108 and 100% of their ini- 
tial values, respectively, after rewarming over a 
period of 3 min. Electrical recording from the 
sciatic nerve distal to the cooling cuff provides a 
measure of compound nerve action potential 
(CNAP) evoked through a single stimulation 
pulse. Cooling from 33° to 4°C over a period of 
15 min prompts a decrease in signal amplitude 
of 77% and increase in latency of 97% (Fig. 5B). 
Amplitude and latency return to within 101 and 
97% of their initial values, respectively, after sub- 


sequent rewarming over a period of 3 min. 
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Examples of in vivo cooling profiles are provided 
in fig. S17. 

Experiments based on cooling of sciatic 
nerves in a rat model of neuropathic pain as- 
sociated with spared nerve injury (SNI) elu- 
cidate capabilities for microfluidic evaporative 
coolers to block pain in freely moving animals 
(29). In devices constructed for multiday ex- 
periments, transcutaneous connections to a 
bioresorbable microfluidic evaporative cooler 
and temperature sensor mounted to the sciatic 
nerve (Fig. 5C) route subcutaneously along the 
spine to a headcap (Fig. 5D). Device details are 
provided in figs. S18 and S19. An integrated 
connecter mounted inside a titanium headcap 
enables reversible fluidic and electronic con- 
nection to an awake, freely moving animal 
(Fig. 5E). Mechanical nociceptive sensitivity 
tests in two control animals (SNI only) over 
3 weeks after the SNI show an expected in- 
crease in the mechanical sensitivity threshold 
of the SNI side as compared with that of the 
contralateral side, which persists for more than 
3 weeks (fig. S20). Studies using three addi- 
tional animals that received both the SNI 
and the cooling cuff show that cooling of the 
SNI-treated nerve from 37° to 10°C after 3 weeks 
of implantation leads to a sevenfold increase 
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persistent touch sensitivity of the paw and serves as a model for neuropathic 
pain. (E) Image of a freely moving rat in a test environment for quantifying 
the mechanical nociceptive threshold. (F) Cooling the sciatic nerve to 

10°C increases the mechanical nociceptive threshold by a factor of seven in 
animals that received both a SNI and cuff, indicating a significant 
cooling-induced analgesic effect. Changes in mechanical sensitivity of the 
contralateral for the same animals are insignificant. Error bars represent 
standard error of the mean. ns, not significant; *P < 0.05. 


in the mechanical sensitivity threshold (1.6 to 
11.5 g), consistent with a significant cooling- 
induced analgesic effect (Fig. 5F). Changes in 
the mechanical sensitivity threshold in the 
contralateral side during cooling of the SNI- 
treated nerve are statistically insignificant. 
Histologic analyses after 1, 2, 3, and 6 months 
indicate a close proximity of the cuff to the 
nerve and provide evidence of biocompatibility 
and bioresorption, as described in the sup- 
plementary materials (figs. S21 to S25 and 
table S1). Previous in vivo studies of POC (21), 
Mg (30), SiOz (37, 32), and cellulose acetate 
(33) provide additional strong evidence of 
biocompatibility and associated bioresorp- 
tion processes. 

The results presented here demonstrate that 
spatiotemporally precise cooling enabled by 
soft, bioresorbable evaporative microfluidics 
provides for reversible elimination of local 
peripheral nerve activity. Experiments indi- 
cate capabilities in on-demand analgesia for 
the management of neuropathic pain in 
freely moving animal models. These concepts, 
materials, and device designs establish the 
engineering foundations for a class of implant- 
able cooling systems capable of targeted neu- 
ral blocking with relevance across a range of 
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clinical applications, including targeted, on- 
demand, nonopioid pain management. 
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PALEOCLIMATE 


Tectonic degassing drove global temperature trends 


since 20 Ma 


Timothy D. Herbert’*+, Colleen A. Dalton’, Zhonghui Liu”, Andrea Salazar°, 


Weimin Si, Douglas S. Wilson* 


The Miocene Climatic Optimum (MCO) from ~17 to 14 million years ago (Ma) represents an enigmatic 
reversal in Cenozoic cooling. A synthesis of marine paleotemperature records shows that the MCO was a 
local maximum in global sea surface temperature superimposed on a period from at least 19 Ma to 

10 Ma, during which global temperatures were on the order of 10°C warmer than at present. Our high- 
resolution global reconstruction of ocean crustal production, a proxy for tectonic degassing of carbon, 
suggests that crustal production rates were ~35% higher than modern rates until ~14 Ma, when 
production began to decline steeply along with global temperatures. The magnitude and timing of 

the inferred changes in tectonic degassing can account for the majority of long-term ice sheet and global 


temperature evolution since 20 Ma. 


he climatic journey from global warmth 

to the great Pleistocene ice ages began 

many tens of millions of years ago, in 

the late Eocene (~40 Ma) when global 

temperatures began to descend from the 
strikingly warm conditions of the Mesozoic 
and Early Cenozoic (1). This path was far from 
monotonic, however. The climate system reached 
a tipping point at the Eocene/Oligocene bound- 
ary, when a substantial icecap grew on Antarctica 
and global temperatures declined. Episodic ad- 
vances and retreats of this Southern Hemisphere 
icecap occurred for most of the Oligocene and 
Miocene (2, 3). However, an important rever- 
sal of the climatic trend occurred during the 
Miocene Climatic Optimum (MCO), when the 
East Antarctic Ice Sheet (EAIS) may have 
largely disappeared (4, 5). 

The MCO was originally recognized by a 
substantial excursion to lighter values in the 
benthic oxygen isotope record, which could 
reflect a rise in deep sea temperatures or a 
decrease in global ice volume (1, 2, 6, 7). Al- 
though the partitioning of the two components 
remains challenging, it is clear that both warm- 
ing and deglaciation occurred on and around 
the Antarctic continent (4, 5, 8). In Fig. 1, we 
provide a continuous global estimate of marine 
temperatures through the MCO by moving to 
higher latitudes where the pattern of temper- 
ature change is clear, although temperature 
changes are certainly amplified relative to a 
global mean ocean temperature. The curves 
rely almost entirely on the alkenone proxy, with 
a single exception in the Southern Hemisphere 
between an alkenone-based record at Deep 
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Sea Drilling Project Site 594 (9) spliced to a 
continuous GDGT (glycerol dialkyl glycerol 
tetraether)-based estimate at Integrated 
Ocean Drilling Program Site 1352 over the 
MCO (10). 

This synthesis of Miocene ocean temperatures 
indicates that the MCO was a local thermal 
maximum superimposed on a strikingly warm 
background climate. In comparison to the pre- 
sent day, temperatures preceding and postdat- 
ing the MCO were high for millions of years: A 
global alkenone-based reconstruction at 10 Ma 
estimated an area-weighted ocean warming 
of +6°C relative to the present day (9); Fig. 1 
suggests that temperatures prior to the MCO 
may have been similar. Estimating the global 
temperature anomaly during the MCO itself 
is difficult, because the temperatures were so 
warm that the alkenone proxy became satu- 
rated over a band of + ~40° latitude around 
the equator, implying temperatures in excess 
of ~29°C. However, by relying on regional 
Northern and Southern Hemisphere stacks 
where paleotemperatures remain below alke- 
none saturation, we arrive at an estimate of a 
global mean surface air temperature (SAT) 
anomaly of ~ +12° to 19°C using a scaling of 
~1.7 times (1D) the global sea surface temper- 
ature (SST) anomaly of +7.25° to 11.5°C (fig. S1). 
The warmth we estimate is on the high side 
of arecent estimate of MCO ASAT (4+11.5°C) 
compiled from heterogeneous SST proxies, 
which includes tropical estimates of perhaps 
questionable reliability (72). 

That the MCO represents a local maximum 
in global temperatures is also confirmed by 
high-resolution Mg/Ca records showing clear 
warming into the MCO that parallels the 
marine 8'8O curve at two tropical locations 
(13) and pronounced cooling at the end of 
the MCO at South Pacific ODP Site 1171 (14), 
supported by similar cooling in a GDGT-based 
record from the Arabian Sea (5). The link of 
inferred warming to deglaciation in Antarctica is 


supported by micropaleontological and sed- 
imentological observations of open water sur- 
rounding much of the Antarctic during the 
MCO (5), with vegetation occupying at least 
coastal areas of that continent during this 
time (8). A warm high-latitude Southern Ocean 
is also consistent with clumped isotope results 
on bottom-dwelling foraminifera that indicate 
MCO deep ocean temperatures ~10°C warmer 
than at present (16). 

It is thus evident that Miocene warmth was 
global, long-lived, and peaked with the retreat 
of ice over much of Antarctica. Global cooling 
occurred with the reoccupation of much of the 
Antarctic by ice after the MCO, accelerating 
after ~ 9.5 Ma (Fig. 1). 

Here, we investigated the possibility that 
global climate since 20 Ma was paced and 
synchronized by changes in a slow, but pow- 
erful, deep Earth process: the rate of degassing 
of CO, controlled by changes in the rate of 
oceanic plate creation and destruction. Our hy- 
pothesis builds on seminal work by Berner e¢ al. 
(7), who proposed that on time scales longer 
than the residence time of carbon in the ocean- 
atmosphere-biosphere system (>100,000 years), 
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Fig. 1. Regionally averaged marine sea surface 
temperature anomalies relative to the present 
day, compared to the evolution of oxygen iso- 
topic values of bottom-dwelling foraminifera. 
Data are from (7). Abbreviations: NH HL, Northern 
Hemisphere high latitude (45° to 69°N); SH, 
Southern Hemisphere (20° to 49°S); ML NH, mid- 
latitudes of the Northern Hemisphere (29° to 43°N); 
Tropics, all tropical sites (24°N to 2°S). Al 
paleotemperature determinations were made 

with the alkenone proxy, with the exception of 

Site 1352 (part of the Southern Hemisphere 
stack), where we rely on GDGT-based paleother- 
mometry (data S1 and S2). Marine temperatures 
evolve essentially synchronously in both hemi- 
spheres and reach a local maximum at the time of 
the MCO. The large cooling from ~9.5 to 6 Ma is 
not reflected in the benthic record, presumably 
because there was little growth of continental ice 
during this period. 
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the inventory of CO, in the atmosphere would 
be controlled by a plate tectonic degassing 
source term, buffered by the negative feed- 
back of silicate weathering (18, 19). Most sub- 
sequent treatments of the long-term carbon 
cycle have instead focused on removal rates of 
carbon as the forcing function, often explicitly 
on the assumption that tectonic degassing has 
not changed appreciably (19-23). However, in- 
vestigating the tectonic forcing of climate in 
the past 20 million years offers several key 
advantages over studies focused on longer time 
periods: The motions of tectonic plates are well 
known because of the preservation of young 
seafloor, magnetic polarity reversals are dated 
with high accuracy and small uncertainties, 
and large and well-dated transitions occurred 
in global climate. 

We derived a global synthesis of ocean crust 
production rate, which we propose is a proxy 
for degassing rates over time (24). This assump- 
tion does not specify the proportion of degass- 
ing that occurs at mid-ocean ridges (25), in 
metamorphism in orogenic belts (26, 27), or by 
release in subduction zones (28-30), as faster 
crust production necessarily implies faster lith- 
osphere destruction (and the converse). Our 
simple model neglects factors that are likely 
to be important in detail, such as the carbon 
content of sediments and rocks fed into oro- 
genic and subduction zones, the dip of the 
subducting plate, and other factors that might 
influence the efficiency of tectonic degassing 
independently of the total rate of marine 
crustal recycling (28, 31). 

Crustal production rates are calculated as 
the product of spreading rate and ridge length, 
assuming that crustal thickness is constant in 
space and time. Compilations of ocean crustal 
thickness have shown that it is largely inde- 
pendent of spreading rate except at ultraslow 
spreading ridges where melt supply is low 
(32). We took advantage of recent reconstruc- 
tions of ocean ridge spreading histories at 
high temporal resolution (33-35) as well as 
new determinations of spreading rates in the 
eastern Pacific. Central to our analysis is a 


ad 
fo) 


careful treatment of three distinct sources of 
error: in the rotation parameters that describe 
seafloor spreading, in the endpoints of each 
mid-ocean ridge, and in the ages of magnetic 
polarity reversals. 

The globally integrated crustal production 
curve reveals large changes since ~20 Ma (24) 
(Fig. 2A). Total crustal production decreased 
from at least 3.3 km?/year prior to 14 Ma to 
no more than 2.7 km?/year after 6 Ma. Ridges 
in the eastern Pacific dominate total produc- 
tion (Fig. 2, B and C), but crust production 
has slowed along most ridges since 20 Ma. 
Only the Pacific-Antarctic ridge substantially 
increased production; ridges in the eastern 
Pacific reduced production by 25 to 50%, and 
those in the Atlantic slowed by 10 to 30%. 

Previous studies of ocean crust production 
differ in their estimate of the trend since the 
mid-Miocene, ranging from increasing (36) to 
constant (37) to decreasing (38, 39). Among 
the subset of studies that identified declining 
ridge flux, our result has a larger amplitude, 
greater level of detail, and better-defined un- 
certainty. Three main factors may explain these 
improvements: an updated reconstruction of 
the complex and incomplete record of spread- 
ing in the eastern Pacific since 25 Ma, the 
inclusion of ridge spreading histories with 
higher temporal resolution, and our use of 
astronomically dated magnetic polarity ages 
(40, 41). Important pieces of the record of 
relative motion of the Cocos, Nazca, and Pacific 
plates are obscured by large microplates, poor 
low-latitude magnetic geometry, and hotspot 
tracks. Moreover, some studies (36, 37, 42) 
derive spreading rates from gridded estimates 
of seafloor age grid, early versions of which 
have been shown to contain some errors in 
the eastern Pacific for ages of 5 to 25 Ma (43). 
Although we compiled the eastern Pacific 
spreading record in more detail than previ- 
ous authors, we caution that subdividing the 
interval from 22 to 15 Ma remains difficult 
because of the limited record of the Nazca- 
Pacific and Cocos-Nazca plate pairs. Other 
studies derive spreading rates from rotation 


poles, as we do, but are focused on a longer 
time period and typically consider only two to 
four intervals within the past 20 Ma (36, 39), 
in contrast to our use of 10 intervals (table S3). 
Furthermore, relative to the CK95 time scale 
(44) used by many earlier studies, the astro- 
nomical polarity time scale used here (40) 
importantly shortens the interval from C5C to 
C6 (~16 to 19 Ma). The smaller errors in the 
astronomical dating of magnetic ages also re- 
duce uncertainties in crust production rate 
and allow greater confidence to be assigned 
to the rate changes we measured (data S3). 

The similarity of the new crust production 
rates to the broad evolution of ocean temper- 
atures motivated us to evaluate the plausibility 
of two end-member explanations for cooling 
since the Miocene, one focused on changes in 
continental weatherability (CO. sink) and the 
other on CO, degassing (CO, source). The 
weatherability argument posits a long-term 
increase in the proportion of chemical weather- 
ing in relation to continental breakdown (19, 22) 
or to the emergence of maritime continents 
with easily weathered lithologies in the tropical 
Indo-Pacific in the Plio-Pleistocene (23). 

To explore the alternative (source) scenario, 
we constructed a carbon cycle mass balance 
forced by the new crust production spreading 
curve, which is used as a proxy for tectonic car- 
bon release (supplementary materials). Because 
nearly all plate pairs display a pattern similar to 
that of the global ensemble (Fig. 2A), we made 
the simplification that tectonic degassing scales 
linearly to the global ocean crustal production 
function. Two adjustable parameters can be 
optimized to satisfy the twin constraints of CO, 
degassing rates and global temperatures: (i) the 
Earth system sensitivity that relates atmospheric 
CO, to long-term equilibrium global temper- 
ature (ESS), and (ii) the sensitivity of the silicate 
weathering negative feedback to temperature 
(Ea), which is believed to keep the carbon sys- 
tem in long-term balance. There is good reason 
to suspect that ESS is larger than a recent 
estimate (45) of 2.6° to 3.9°C per doubling 
of CO, [referred to as equilibrium climate 


wo 
A 


o 
i) 


nN 
fo) 


nN 
fo) 


Crust Prod. Rate (1 0° km?/Myr) 
wo 


Crust Prod. Rate (10° km?/Myr) 


9 
fo) 


9 
fo>) 


o 
BR 


PAC-ANT 


S 
io 


o 
wo 


Crust Prod. Rate (10° km?/Myr) 
f=} 
to 


o 
B 
A 


24 0 eS ee —PAC-RIV 
0 5 10 15 0 5 10 15 
Time (Ma) Time (Ma) Time (Ma) 


Fig. 2. Ocean crust production rates with 95% confidence interval. See data S3. (A) Global total. (B and C) By plate boundary. Note the different vertical scales 


for (B) and (C). See table S2 for plate names. 
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Fig. 3. Results of carbon mass balance modeling. 
(A) Global degassing rate driven by ocean crustal 
production reconstruction. (B) Calculated changes in 
global surface air temperature (SAT). (C) Corre- 
sponding implied atmospheric COz levels. Thick 
pink lines in (B) and (C) result from using central 
crustal production estimate [thick line in (A)]. 
Central carbon cycle parameters are Ea = 4 kcal/mol 
and ESS = 6.5°C per doubling of CO2. Upper 

and lower bounds in (B) and (C) vary Ea from 

3.5 to 4.5 kcal/mol and ESS from 5° to 8°C. Gray/ 
black symbols in (C) show pCO» estimates 

from boron isotope analyses of planktonic 
foraminifera using different ocean carbon system 
parameters (49); blue and red symbols are 

based on carbon isotope values of alkenones 

(48, 50). 


sensitivity (ECS or “Charney” climate sensi- 
tivity)] and also to consider the possibility 
that ESS may increase nonlinearly under 
high CO, (1, 46). We explored the effects 
of varying ESS between 5° and 8°C per CO, 
doubling, or approximately two times the 
66th percentile bounds of the ECS (45). On 
tectonic time scales, ocean total dissolved in- 
organic carbon and alkalinity are primarily 
set by degassing, chemical weathering, and 
calcium concentration of seawater; therefore, 
it is not necessary to know the absolute values of 
these quantities a priori to estimate equilib- 
rium pCO, (supplementary materials). 

The temperature dependence of weathering 
sensitivity is directly constrained by our esti- 
mate of peak MCO warmth and degassing. 
Here, Ea represents an effective weathering 
dependence on temperature in an Arrhenius 
formulation; it is a simple parameterization 
of the complex factors that control silicate 
weathering, including relief, the insulating 
effect of soil formation (transport limitation), 
and rainfall. The values chosen here, although 
considerably lower than those derived from 
pure silicate mineral activation energies, are 
consistent with previous studies of global 
weathering rates (supplementary materials). 

The model satisfies the observation of gen- 
erally warm early to mid-Miocene conditions, 
the timing of the MCO, and the steep cooling 
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observed globally in the younger half of the 
Miocene (14.5 to 6 Ma). The level of detail in 
the crustal production curve from ~14 to 20 Ma 
is limited by time resolution in tectonic con- 
straints (rotation points at 13.739, 15.974, and 
18.748 Ma) and by somewhat higher uncertain- 
ties in the astronomical calibration of the mag- 
netic polarity time scale. Degassing rates may 
have changed very little since ~6 Ma (Fig. 2). If 
our proposed linkage between seafloor spread- 
ing and tectonic degassing is correct, it carries 
several major implications. First, the similarity 
in timing between crustal production changes 
and paleotemperatures suggests a geologically 
efficient (million-year time scale) coupling be- 
tween tectonic processes and CO, release to 
the Earth surface; time lags between tectonic 
forcing and climate response are not apparent 
at the resolution of our analysis. Second, it sug- 
gests that many proxy-based reconstructions of 
Miocene levels of CO. may be too low (Fig. 3C). 
The large range in plausible CO, levels in our 
reconstruction derive from the wide permissi- 
ble range of ESS. However, it is very difficult 
to reconcile the combination of peak Miocene 
warmth and high degassing with an atmospheric 
CO, inventory much lower than 850 ppm (12) 
(see Fig. 3). In this regard, we note that the 
trend of more recent CO, proxy estimates has 
been to revise reconstructed Miocene levels 
of CO, higher than earlier estimates (47-50), 


although a gap remains between our preferred 
CO, curve (Fig. 3C, heavy pink line) and some 
proxy estimates. Last, our finding of large varia- 
tions in seafloor spreading rate over the Neogene 
implies that interpretations of geochemical sig- 
nals commonly used in paleoceanography (Mg/Ca, 
8’g/$"Sr) may need to be reinterpreted in light 
of changing hydrothermal fluxes driven by 
changes in seafloor spreading rates (19, 51). 
Forcing by a short-lived and relatively small 
input of CO, from Columbia River basalt mag- 
matism (52) appears insufficient as a first- 
order explanation for the long duration of a 
strikingly warm Miocene climate, although it 
may have contributed to the apex during the 
MCO. In contrast, the hypothesis of long-term, 
large variations in tectonic degassing provides 
a potent, persistent driver. The evolution of 
temperature, inferred CO, levels, and benthic 
8'°O values (Figs. 1 and 3) suggests that polar 
glaciation exhibits strongly nonlinear thresh- 
old sensitivity to CO. and temperature: The 
large retreat of the East Antarctic Ice Sheet 
during the MCO may have required only a 
modest rise in CO, from its generally high 
early Miocene level, and the onset of North- 
ern Hemisphere ice ages at ~2.7 Ma occurred 
under tectonic CO, forcing similar to today. 
These results are consistent with two very 
different CO,/temperature thresholds for glacia- 
tion in the Southern and Northern hemispheres 
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proposed by (53) and especially imply a high 
sensitivity of East Antarctic ice volume to 
global temperature at a “set point” of ~ +10°C 
(Fig. 3). 

We do not rule out the possibility that the 
global carbon cycle was also affected by a tran- 
sition from weaker silicate “weatherability” in 
the Miocene relative to the Plio-Pleistocene 
(22, 23). However, the proposed low weather- 
ability cannot serve as the primary explana- 
tion for the warm early to mid-Miocene: In the 
case of the scenario evaluated by Park et ai. 
(23), a reduced MCO weatherability accounts 
for about one-fourth of the observed temper- 
ature anomaly (fig. S3). A 30% higher tectonic 
CO, flux rate will, however, generate enough 
warming to be consistent with our empirical 
SST and SAT estimates (Fig. 3). We readily 
admit that our temperature and CO. model 
reconstructions are imperfect, because our as- 
sumptions that CO, degassing rate is in 1:1 
proportion to ocean crustal production, and 
that weatherability and ESS remain fixed for 
the past 20 million years, are unlikely to apply 
strictly. In this regard, reduced weatherability 
during the mid-Miocene (22) may have en- 
hanced large excursions in atmospheric CO, 
and temperature by reducing the sensitivity of 
the silicate weathering sink in a warm climate 
in comparison to the present day. 

Our findings suggest that the coupled evolu- 
tion of CO, and climate over the Neogene can 
be understood as a combination of exogenous, 
slow forcing by the tectonic CO, source, in 
combination with more rapid but substantial 
repartitioning of the total surface carbon in- 
ventory among atmosphere, biosphere, and 
ocean paced by orbital cycles. Our study does 
not negate the rich possibility of other tectonic 
forcings of the carbon cycle (19-23, 29, 54), but 
it suggests that the dynamism in ocean crustal 
creation/destruction as a carbon cycle driver 
has been underestimated since the publica- 
tion of (77). Riding on top of tectonic forcing, 
cyclical sequestration and release of carbon 
from the deep ocean (55) may explain high- 
frequency orbital-scale variability evident within 
the MCO, as demonstrated by cyclic varia- 
tions in foraminiferal 8'90-, 8°C-, and Mg/ 
Ca-based SST estimates (4, 6, 13, 14, 56); pro- 
cesses driving the oceanic carbon reservoir 
became dominant during the Pleistocene ice 
ages. 
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By Kasper Bonnesen 
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Stepping out of my comfort zone 


o you want to go to Sunday brunch?” It was a question I’d never dared ask an office mate, but 
I was feeling desperate. I’d relocated from Denmark to the United States 2 months earlier for 


a research abroad experience during my Ph.D. I hadn’t made any friends by that point so I 
decided to ask another Ph.D. student in my office whether they’d meet up outside work. He 
looked at me, smiled, and then uttered “Yes.” It was a little thing, but it was a victory. I had 
finally conquered my shyness and dared to step out of my comfort zone. 


My university encourages Ph.D. 
students to spend time abroad, 
so I planned from the beginning 
to work at a U.S. university for 
6 months under a collaborator 
of my adviser’s. I was excited to 
travel, improve my English, and 
expand my scientific network. But 
I was also afraid that my shy, in- 
troverted self would keep me from 
getting to know people, leading to 
a level of sadness and loneliness 
that would eventually force me 
to abandon the adventure and go 
back to Denmark. 

It had happened twice before. 
The first time was immediately 
after medical school when I took 
a job at a small hospital in Green- 
land. I had always wanted to go 
to the island, and the challenge 
of living in a small, isolated com- 
munity and doing my best to help 
people appealed to me. But I had barely put my feet on 
Greenlandic soil before something felt wrong. Despite 
working with open and friendly colleagues, I never felt 
I belonged and was lonely and sad. Two weeks after my 
start date, I told the hospital manager I needed to go back 
to Denmark. The second time was during the pandemic. 
I moved to Copenhagen because I’d always wanted to live 
there and because my Ph.D. adviser was fine with me work- 
ing remotely. That relocation only lasted 3 months—again 
because of loneliness. I missed my friends and family who 
lived near my university, which is less than an hour’s drive 
from my hometown. 

When my departure date neared for my research abroad 
experience in Atlanta, I vowed that this time would be 
different. I wanted to make more of an effort to get to 
know people and feel comfortable in the community, and 
I thought it would be easier because my outgoing younger 
sister happened to be doing her Ph.D. in the same city. 

Still, the initial few months were difficult. Finding myself 
in a foreign country without my habitual life terrified me. I 


“Even little interactions 
at work helped me feel part 
of a community.” 


felt I had to learn everything from 
scratch—where do I get my grocer- 
ies? How do I get to work? If my 
sister was busy, who could I spend 
time with? It didn’t help that stu- 
dents were largely away from cam- 
pus for the first 2 months—first 
because classes weren’t in session 
and later because Atlanta was hit 
by a wave of COVID-19. 

My sister helped me come up 
with a plan. We decided that, 
once the COVID-19 | situation 
eased, I would go to campus ev- 
ery day. There, I would try to 
engage in conversations with my 
colleagues—for instance, by greet- 
ing people I passed in the hallway 
or by asking other students how 
their weekends went while wait- 
ing for the coffee to brew. Every 
weekend, I would also plan out- 
ings with at least one person, 
whether it be going out for brunch, visiting a museum, 
traveling to another city, or going on a hike. 

The advice made a huge difference—I suddenly felt 
much less lonely. Even little interactions at work helped 
me feel part of a community. Gradually, I built up a 
small group of friends—from both within and outside the 
office—whom I could call on to do things with, including 
the Ph.D. student I had invited to brunch. By the end of 
my time in Atlanta, I felt so comfortable that I actually 
had mixed feelings about going home. 

I returned to Denmark in May, feeling fulfilled by my 
time abroad. I was able to travel to new places, meet inter- 
esting people, and learn new professional skills. I also came 
to appreciate the benefits of stepping outside my comfort 
zone. I encourage every young scientist to do a research 
stay abroad—and to have the courage to open up to people 
while you’re there. You never know what you'll learn. 


Kasper Bonnesen is a Ph.D. student at Aarhus University. Do you have an 
interesting career story to share? Send it to SciCareerEditor@aaas.org. 
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